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 1 
Abstract 
Mullite is one of the most important synthetic compounds for advanced structural and functional 
ceramic materials. The crystal structure of mullite with the composition Al2[Al2+2xSi2-2x]O10-x can 
incorporate a large variety of foreign cations, including (amongst others) significant amounts of boron. 
However, no chemical or crystal structure analyses of boron-mullites (B-mullites) were available prior 
to this work, thus representing the key aspects of this thesis. Furthermore, the influence of boron on 
selected properties of mullite under ambient, high-temperature, and high-pressure conditions are 
addressed. Starting from a 3:2 mullite composition (Al4.5Si1.5O9.75), the initial hypothesis for this study 
was a 1:1 isomorphous replacement of silicon by boron according to the coupled substitution 
mechanism: 2 Si4+ + O2- ? 2 B3+ + ?. 
Based on a series of compounds synthesized from sol-gel derived precursors at ambient pressure 
and 1200°C, the formation conditions and physical properties of B-mullites were investigated. The 
formation temperature for B-mullites decreases with increasing boron-content, as revealed by thermal 
analyses. An anisotropic development of lattice parameters is observed: Whereas lattice parameters a 
and b only exhibit minor changes, a linear relationship between lattice parameter c and the amount of 
boron in the crystal structure was established, on the basis of prompt gamma activation analyses 
(PGAA) and Rietveld refinements. According to this relationship about 15% of the silicon in mullite 
can be replaced by boron yielding single-phase B-mullite. B-mullites with significantly higher 
(~ factor 3) boron-contents in the mullite structure were also observed but the respective samples 
contain alumina impurities.  
Fundamental new details regarding the response of B-mullite to high-temperature and high-
pressure are presented in this thesis. On the one hand, long-term thermal stability at 800°C was proved 
for B-mullite, whereas on the other hand, complete decomposition into boron-free mullite and 
corundum is observed at 1400°C. Furthermore, the incorporation of boron into the crystal structure 
reduces the mean metric thermal expansion coefficient by 15% in comparison to boron-free mullite. 
Such a reduction by chemical substitution makes B-mullites a potential candidate for technical 
applications in the temperature range below 1000°C. Boron incorporation is associated with the 
formation of additional oxygen vacancies which reduces the mechanical stability of the mullite 
structure at high-pressure. Moreover, a slight increase of the overall (volume) compressibility of 
B-mullite compared to boron-free mullite is observed. The compressibility in mullite is anisotropic 
with the a-axis being the most and the c-axis being the least compressible one. The increasing 
Abstract 
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divergence with pressure between the compressibilities in a- and b-direction can be explained by a 
rotation of the octahedra and the increasing inclination angle ?. 
One major outcome of this thesis is the crystal structure of B-mullite, synthesized at 1200°C and 
ambient pressure. The refinements in space group Pbam based on neutron diffraction and 11B MAS 
NMR data clearly confirm the suggested silicon–boron substitution mechanism and yield a 
composition of Al4.64Si1.16B0.2O9.58. Boron resides in planar BO3 groups crosslinking the mullite-type 
AlO4 octahedral chains perpendicular to the c-axis. The position and the intrinsic rigidity of the BO3 
group imposes local distortion of the AlO6 octahedra. As a consequence split positions of the oxygen 
atoms are required in the first coordination sphere of boron, which in turn lead to significantly 
shortened oxygen-oxygen distances in c-direction and only minor shortenings in the a- and 
b-directions. Herewith, the crystallographic model provides an explanation for the anisotropic 
behavior of lattice parameters upon boron-incorporation described above. 
Single-phase B-mullite with 40% replacement of silicon by boron was synthesized at 10 kbar 
and 875°C representing a marked increase in boron-content compared to the B-mullites synthesized at 
ambient pressure and 1200°C. The composition Al4.5Si0.9B0.6O9.4 was derived from refinements based 
on X-ray diffraction data in combination with the established silicon-boron substitution mechanism. 
Besides the three-coordinated boron, the chemical shifts in the 11B MAS NMR spectra clearly resolve 
additional replacement of some aluminum in the AlO4 tetrahedra by boron which is in good agreement 
with the PGAA results. 
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Kurzfassung 
Synthetischer Mullit mit der Zusammensetzung Al2[Al2+2xSi2-2x]O10-x ist einer der wichtigsten 
Bestandteile von modernen Funktions- und Strukturkeramiken. Mullit hat die Eigenschaft, eine 
Vielzahl verschiedener Fremdkationen in die Kristallstruktur einbauen zu können, unter anderem Bor. 
Da bisher weder chemische Analysen noch ein Kristallstrukturmodell für Bor-Mullit vorlagen, bilden 
diese beiden Aspekte den Schwerpunkt dieser Arbeit. Des Weiteren wurde der Einfluss von Bor auf 
ausgewählte Eigenschaften von Mullit unter Umgebungsbedingungen, bei hoher Temperatur sowie 
unter hohem Druck untersucht. Die Hypothese für diese Arbeit war der 1:1 Ersatz von Silizium durch 
Bor ausgehend von 3:2 Mullit (Al4.5Si1.5O9.75), entsprechend der gekoppelten Substitution: 
2 Si4+ + O2- ? 2 B3+ + ?. 
Die Bildungsbedingungen und die physikalischen Eigenschaften von Bor-Mulliten wurden 
anhand von einer Serie mittels sol-gel Synthese bei 1200°C und Umgebungsdruck hergestellten 
Proben untersucht. Mit zunehmendem Borgehalt nimmt die Bildungstemperatur für Bor-Mullit ab, 
was durch thermische Analysen nachgewiesen wurde. Die Gitterparameter zeigen ein anisotropes 
Verhalten: Während die Gitterparameter a und b lediglich geringfügige Änderungen aufweisen, wurde 
ein linearer Zusammenhang zwischen Gitterparameter c und dem Borgehalt mittels Prompter Gamma 
Aktivierungs-Analyse (PGAA) und Rietveldverfeinerung nachgewiesen. Gemäß dieser linearen 
Beziehung kann einphasiger Bor-Mullit mit einem Ersatz von bis zu ca. 15% des Siliziums im Mullit 
durch Bor hergestellt werden. Bor-Mullite mit wesentlich höheren (~ Faktor 3) Borgehalten in der 
Mullitstruktur wurden ebenfalls beobachtet, diese Proben enthalten allerdings Aluminiumoxid als 
Nebenphase. 
In dieser Arbeit werden erstmals grundlegende Details zum Verhalten von Bor-Mulliten unter 
erhöhten Druck- und Temperaturbedingungen vorgestellt. Zwar zersetzt sich Bor-Mullit durch 
längeres Erhitzen bei 1400°C in borfreien Mullit und Korund, bei 800°C jedoch konnte die 
Langzeitstabilität von borhaltigem Mullit nachgewiesen werden. Weiterhin wird durch den Einbau von 
Bor in die Mullitstruktur der mittlere thermische Ausdehnungskoeffizient um 15% im Vergleich zu 
borfreiem Mullit reduziert. Eine so starke Abnahme der thermischen Ausdehnung aufgrund von 
chemischer Substitution macht Bor-Mullite sehr interessant für technische Anwendungen im 
Temperaturbereich unterhalb von 1000°C. Durch den Einbau von Bor und der damit verbundenen 
Zunahme der Sauerstoffleerstellen wird die mechanische Stabilität von Mullit bei hohem Druck 
verringert und die Kompressibilität im Vergleich zu borfreiem Mullit leicht erniedrigt. Die 
Kompressibilität im Mullit ist anisotrop, wobei die a-Achse die größte und die c-Achse die geringste 
Kurzfassung 
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Kompressibilität aufweist. Der zunehmende Unterschied zwischen den Kompressibilitäten in a- und b-
Richtung kann durch eine Drehung der Oktaeder und die Zunahme des Inklinationswinkels ? erklärt 
werden. 
Ein weiteres wichtiges Ergebnis dieser Arbeit ist die Kristallstruktur von Bor-Mullit, hergestellt 
bei 1200°C unter Umgebungsdruck, in der Raumgruppe Pbam. Basierend auf Neutronenbeugungs- 
und 11B MAS NMR Daten wurde der angenommene Substitutionsmechanismus bestätigt und die 
folgende chemische Zusammensetzung bestimmt: Al4.64Si1.16B0.2O9.58. Bor befindet sich in planaren 
BO3-Gruppen, welche die Mullit-typischen AlO4 Oktaederketten senkrecht zur c-Achse verbinden. 
Aufgrund ihrer großen Steifigkeit führt der Einbau von BO3 Gruppen zu lokalen Verzerrungen der 
AlO6 Oktaeder, infolge dessen eine Aufspaltung der Sauerstoffpositionen in der ersten 
Koordinationssphäre von Bor stattfindet. Diese Aufspaltung wiederum hat eine wesentliche 
Verkürzung der Sauerstoff-Sauerstoff-Abstände in c-Richtung zur Folge; im Vergleich dazu ist die 
Abnahme der Abstände in a- und b-Richtung gering. Hiermit liefert das Kristallstrukturmodell eine 
Erklärung für das oben erwähnte anisotrope Verhalten der Gitterparameter mit zunehmendem 
Boreinbau. 
Einphasiger Bor-Mullit mit einem Ersatz von 40% des Siliziums durch Bor wurde bei 875°C 
und 10 kbar hergestellt, dies stellt eine deutliche Zunahme des Borgehaltes gegenüber den Synthesen 
bei Umgebungsdruck und 1200°C dar. Die Zusammensetzung von Al4.5Si0.9B0.6O9.4 ergibt sich aus der 
Strukturverfeinerung auf Basis von Röntgenbeugungsdaten in Kombination mit dem entwickelten 
Substitutionsmodell. Neben den BO3 Gruppen bestätigt die chemische Verschiebung im 11B MAS 
NMR Spektrum den zusätzlichen Ersatz von tetraedrisch koordiniertem Aluminium durch Bor. 
 
 
 5 
1 Introduction 
The aluminosilicate mullite with the chemical composition of Al4+2xSi2-2xO10-x (x = 0.2 …0.9) is 
one of the most prominent ceramic materials and probably the most frequent phase in “conventional” 
ceramics like pottery, porcelains, sanitary ceramics, refractories, building bricks, pipes, and tiles. In 
china, ceramic manufacturing looks back on more than 11000 years of history (Kerr and Wood, 2004). 
The first porcelain produced from kaolin at a firing temperature of about 1300°C is dated back to 
about 620 AD. After the industrial revolution in the nineteenth century mullite-bearing refractories and 
technical porcelains with a wide variety of applications have gained worldwide importance 
(Schneider, 2005a and references therein). Due to its outstanding properties such as low thermal 
expansion, low thermal conductivity, excellent creep resistance, high temperature strength and good 
resistance against chemical attacks, mullite has become a very important material for advanced 
structural and functional ceramics (see chapter 1.1). This is emphasized by the constantly increasing 
number of scientific studies that were published on mullite-related topics since the 1960’s (Fig. 1-1). 
 
 
Fig. 1-1: Number of publications on mullite-related topics between 1960 and 2012 (Web of Science, topic=mullite, July 
2013). 
The annual world production of synthetic mullite as of 2004 is approximately 235000 t (Kogel 
et al., 2006). In contrast to its great industrial importance the natural mineral mullite is very rare. The 
type locality is the Isle of Mull in NW Scotland where mullite occurs in fused argillaceous inclusions 
in tertiary eruptive rocks in association with corundum and feldspar. In other localities mullite is 
known to be associated with sillimanite and kyanite (Val Sissone, Italy) or at Sithean Sluaigh 
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(Scotland) with magnetite, spinel, pseudobrookite, sanidine, and cordierite (Anthony et al., 2003). 
Mullite crystals form prismatic needles in contact metamorphosed clay-sandstones of the sanidinite 
facies (Tröger, 1982; Matthes, 2001). An example of natural mullite in a druse of a volcanic rock from 
the Bellerberg (Eifel district, Germany) is given in Fig. 1-2. 
 
Fig. 1-2: Natural mullite from Bellerberg, Ettringen, Eifel district, Germany.  
Mullite was first mentioned as a new mineral in the “New Minerals” section of the American 
Mineralogist by Foshag (1924) referring to Bowen et al. (1924). In fact, mullite has been observed as 
early as 1847 in the glass phase of porcelains but was mistaken for sillimanite (Al2O3 · SiO2); in the 
late 19th century compounds with compositions close to 3Al2O3 · 2SiO2 were reported but also 
designated as sillimanite (Pask, 1990 and references therein). Until 1924 sillimanite was believed to be 
the only stable compound within the Al2O3 - SiO2 system. Bowen and Greig (1924) revised the 
Al2O3 - SiO2 phase diagram pointing out that 3Al2O3 · 2SiO2 is the only stable compound and that 
crystals of this phase are common constituents of all alumina-silica refractories. In a footnote they 
propose the name “mullite” for the natural analogous of this phase that was discovered in rocks from 
the Island of Mull, Scotland. 
In their review on the “Structure and properties of mullite” Schneider et al. (2008) give four 
reasons for the outstanding scientific and technical importance of mullite: 
1. Its favorable properties like the high thermal stability with a melting point at 1890°C (Klug et 
al., 1987), the low thermal expansion coefficient (~4.5*10-6 °C-1), low thermal conductivity, 
high creep resistance, and corrosion stability in harsh chemical environments, combined with 
suitable strength and fracture toughness. 
2. The starting materials (see chapter 1.1) are available in big quantities on earth. 
3. The ability of mullite to form solid solutions in a wide Al2O3/SiO2 range and to incorporate a 
large variety of foreign cations (Schneider, 2005b). 
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4. The fact that the structural principles of mullite can be extended to a large number of phases 
belonging to the family of mullite-type structures (chapter 1.2). 
 
Within this introduction a brief summary of the synthesis and applications of mullite will be 
given followed by a description of the crystal structure of mullite and the definition of mullite-type 
compounds. Subsequently an outline of the state of the art in the field of boron-mullites will be given, 
concluding with an overview on the crystal chemistry of boron.  
Following the introduction, the scope and objectives of this thesis will be presented followed by 
a brief description of the materials and methods used during this work. The main part of this 
cumulative thesis consists of three manuscripts (chapters 4-6) published in peer-reviewed scientific 
journals and two chapters (7, 8) with contributions for manuscripts in preparation for publication. The 
thesis concludes with a summary of the major findings and specification of future perspectives. 
1.1 Synthesis and applications of mullite Al4+2xSi2-2xO10-x (x = 0.2 … 0.9) 
For mullites the resulting chemical composition and properties are controlled by the synthesis 
process itself more than by the bulk chemical composition. A detailed summary on the different ways 
of producing mullite is given by Komarneni et al. (2005). Apart from some special methods such as 
spray-pyrolysis, chemical vapor deposition and hydrothermally produced mullite, the authors present 
three categories of synthesis routes: 
1. Solid-state derived mullite (sinter mullite, stoichiometric mullite, 3:2 mullite, x = 0.25) is 
essentially produced by solid-state reactions of natural aluminosilicate minerals below the 
melting point. Common starting materials are kaolinite, sillimanite, andalusite, kyanite, many 
types of oxides, oxyhydroxides, hydroxides, inorganic salts, and metal organics as well as 
alumina and silica precursors. Depending on the purity of the raw materials, sinter-mullites 
contain considerable amounts of impurities and usually an additional alumina source has to be 
added to avoid the formation of free silica. Refractory and furnace materials are typically pro-
duced by reaction sintering of silica and alumina. 
2. Liquid-state derived mullite (fused mullite, 2:1 mullite, x ~ 0.4) is prepared by crystallization 
of melted alumina and silica mixtures. This involves temperatures of up to 2000°C for commer-
cial fused-mullite ceramic products. Single crystals of up to 20 by 60 mm in size (Fig. 1-3) were 
grown with the Czochralski method (Guse and Mateika, 1974). 
3. Solution sol-gel derived mullites (chemical mullites, variable composition) are produced from 
organic and inorganic precursors by polymerization and ceramization. The advantage of this 
method is the (fast) mullitization at relatively low temperatures (900 - 1300°C). This is achieved 
by increasing the reaction rates due to atomic, molecular, or nanoscale mixing of the 
components. The chemical composition of the product depends on the starting materials and the 
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1.3 Boron-mullites 
Based on the observation of systematic changes in the refractive indices and the reduction of 
lattice parameter c, the existence of a solid-solution series between 3:2 mullite (Al4.5Si1.5O9.75) and 
Al18B4O33 by substitution of boron for silicon was suggested in the 1950s (Dietzel and Scholze, 1955; 
Scholze, 1956). The term “B-mullite” or “boron-mullite” was introduced by Werding and Schreyer 
(1984) and later on extended (Werding and Schreyer, 1996) to a compositional range (gray area in Fig. 
1-7) between the mullite solid solution series and the Al-borates Al5BO9 with mullite type structure 
(Sokolova et al., 1978) and AlBO3 with calcite-type structure (Capponi et al., 1972). In contrast to the 
proposed miscibility between mullite and Al-borates, this work (chapters 4 and 5) as well as the 
investigations by Griesser et al. (2008) show that there is no complete solid solution between mullite 
and mullite-type aluminumborates. Stable phases in the boron-mullite compositional field within the 
ternary system Al2O3 – SiO2 – B2O3 as well as possible solid solution paths from literature are given in 
Fig. 1-7 and will be described in the following.  
In Fig. 1-7 phases with known mullite-type crystal structure are given as filled circles and will 
be discussed more detailed within this chapter. Compounds with unknown crystal structure are 
represented by open circles and triangles represent phases with known crystal structures different from 
mullite-type. Theoretic 1:1 Si-B substitution paths are indicated by the dotted lines in Fig. 1-7 with 
starting compositions of sillimanite, 3:2 mullite, and 2:1 mullite. The end-members of these series are 
Al4B2O9, Al3BO6, and Al8B2O15, respectively. Only Al4B2O9 has a mullite-type crystal structure 
whereas the crystal structures of the other two compounds are unknown in the case of Al8B2O15, 
(Reynaud, 1977) or different from mullite-type in the case of Al3BO6 (Capponi et al., 1972). Possible 
solid solution paths or polysomatic series reported in literature were reviewed by Fischer and 
Schneider (2008) and are given as solid gray lines in Fig. 1-7. Line ‘a’ represents a series of natural 
boromullites (Buick et al., 2008) with compositions plotting close to the joint between Al2SiO5 
(sillimanite) and mullite-type Al5BO9. The compositions of the synthetic “boron-mullites” described 
by Dietzel and Scholze (1955) and Gelsdorf et al. (Gelsdorf et al., 1958) plot on the same line. 
However, a compositional gap between boromullite and sillimanite is proposed (Buick et al., 2008). 
Line ‘b’ (Fig. 1-7) represents compositions synthesized from gels (Grew et al., 2008), including a 
compound mentioned by Letort (1952). Compositions of natural and synthetic boralsilite (Grew et al., 
2008) plot on line ‘c’ (Fig. 1-7), with a minor solid solution range between boralsilite and Al8Si2B2O19 
on the theoretic substitution path from sillimanite to mullite-type Al4B2O9. The compound Al8Si2B2O19 
was first described by Werding and Schreyer (1992) as an orthorhombic sillimanite derivative but later 
on found to be a “boron-mullite” with impurities of disordered boralsilite (Grew et al., 2008). 
However, the question of the crystal structure and whether the phase is orthorhombic or monoclinic 
like boralsilite and Al4B2O9, remained open (Fischer and Schneider, 2008) and will be answered 
within this work (chapter 6). 
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Fig. 1-7: The ternary system Al2O3 – SiO2 – B2O3 after Fischer and Schneider (2008). The boron-mullite compositional field 
(Werding and Schreyer, 1996) is highlighted in gray. Dotted lines represent theoretical compositions of compounds with 
constant Al/(Si+B) ratio. Solid lines (gray) represent possible solid solution paths or polysomatic series with observed 
members of (a) natural and synthetic boromullites (Buick et al., 2008), including compounds from Dietzel and Scholze 
(1955), and Gelsdorf et al. (1958) (b) synthetic “boron-mullites” (Grew et al., 2008), including a compound from Letort 
(1952) (c) natural and synthetic boralsilite (Grew et al., 2008). Compounds with known mullite-type crystal structure are 
represented by filled circles, unfilled circles refer to compounds without structural investigations, compounds with crystal 
structures different from mullite-type are represented by triangles. Dashed blue lines I and II refer to initial bulk compositions 
of investigations from Zhang et al. (2010) and Griesser et al. (2008), respectively. [III, IV]: Boralsilite (Grew et al., 1998; 
Peacor et al., 1999). [V]: Al8Si2B2O19 (Werding and Schreyer, 1992), [VI]: Projected compositions of the minerals 
werdingite and grandidierite are given as squares (Anovitz and Grew, 1996). For details regarding the other binary 
aluminumborate compounds, refer to Fischer and Schneider (2008) and references therein.  
Systematic investigations of boron-doped mullites with constant Al/Si = 3 ratio up to 7.4 mol% 
B2O3 (line I in Fig. 1-7) were performed by Zhang et al. (2010). The results of sol-gel synthesis from 
bulk compositions with constant Al2O3 content starting from 70 and 60 mol% Al2O3 (lines II in Fig. 
1-7) were published by Griesser et al.(2008). According to the authors 20 mol% B2O3 can be 
incorporated into 3:2 mullite. Fisch (2011) describes some preliminary investigations of samples with 
initial compositions on the lines sillimanite – Al5BO9 (line ‘a’ in Fig. 1-7) and sillimanite – Al4B2O9 
(including the boralsilite composition) but without any final conclusions about the incorporation 
mechanism or solid solution behavior. However, all three approaches do not correspond to a 1:1 
isomorphous substitution of Si3+ by B4+ in mullite. Furthermore no quantitative chemical analyses of 
the products are given. Both issues fall within the scope of this thesis and will be discussed in chapters 
4 to 7. 
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In the following section mullite-type compounds within the B-mullite compositional field will 
be described according to the systematic introduced by Fischer and Schneider (2005). The information 
given here is summarized from Fischer and Schneider (2008), with a special focus on the 
aluminoborosilicate structures that are subject to this study and the linkage of the mullite-type 
octahedral chains. The primary references for crystal structure determinations are given, usually not 
corresponding to the first mention of the compound. The description of the linkage of the octahedral 
chains always refers to the systematic descriptions given in Fischer and Schneider (2008). 
MUL-IV.4, I4/m: Al6B4Cu2O17 group 
In Al6B4Cu2O17 the octahedral AlO4 chains are cross-linked by BO3 groups and trigonal bipyra-
mids of (Cu,Al)O5 forming (Cu,Al)4O13 clusters with one common oxygen in the center of the cluster 
(Kaduk et al., 1999). The bipyramids in the Li compound Al7B4LiO17 (Åhman et al., 1997) are only 
occupied by Al whereas Li is found in the channels not occupied by Al4O13 clusters. 
MUL-VIII.2, Pbnm: Grandidierite group (Mg,Fe)Al3SiBO9 
In grandidierite the octahedral chains are linked by AlO5 and MgO5 trigonal bipyramids, SiO4 
tetrahedra and BO3 triangles (Stephenson and Moore, 1968). 
MUL-II.3, Pbam: Mullite group 
The first systematic attempts for substitution of silicon by boron in 3:2 and 2:1 mullite (Griesser 
et al., 2008) indicate an incorporation of significant amounts of boron into the mullite crystal structure. 
However, no chemical or crystal structural analyses were available prior to this work and therefore are 
one of the key aspects of this thesis. 
Mazza et al. (1992) describe crystal structures of the two metastable phases Al5BO9 and 
Al4B2O9 in space group Pbam with BO3 groups crosslinking the octahedral chains. In the low alumina 
compound additionally some of the tetrahedral Al3+ is replaced by B3+. A re-examination of the crystal 
structure of Al4B2O9 (Fischer et al., 2008) yielded a monoclinic symmetry closely related to boralsilite 
with all lattice parameters doubled compared to mullite (see Boralsilite and Al4B2O9 group). 
Two compounds Al8+xP1-xB1+xO16-x/2 with x = 0 and x = 0.5 were described to contain BO3 
groups but with unreasonably large B-O distances (Mazza et al., 2001). 
MUL-IV.32, Pbnm: Sillimanite group  
Sillimanite is reported to contain up to 0.43 wt% B2O3 (Grew, 1996) which is not enough for 
structural diffraction studies.  However, the sillimanite group contains several PbMBO4 phases 
(M=Al3+, Ga3+, Fe3+, Cr3+, Mn3+) having Pbnm symmetry but the structural details being quite 
different from sillimanite. The MO6 octahedral chains are cross-linked by BO3 groups and asymmetric 
pyramidal four coordinated Pb2+ having one lone pair electron. For these structures interesting 
magnetic properties have been reported (Park and Barbier, 2001; Park et al., 2003a, 2003b). 
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MUL-VII.33, Bb21m: A9B2 (Al18B4O33) group  
In A9B2 mullite-type octahedral chains are cross-linked by edge-sharing AlO5 bipyramids alter-
nating with isolated AlO4 tetrahedra and BO3 triangles. The crystal structure of the stable compound 
known as Al18B4O33 was refined with a composition of Al19.4B4.6O36 being rounded to 
Al20B4O36 = Al5BO9 (Sokolova et al., 1978). There has been a long debate whether the A9B2-type 
compound actually has Al18B4O33 or Al5BO9 composition (e.g. Garsche et al., 1991). The result of 
recent crystal chemical investigations with multiple methods (Fisch et al., 2011) yielded a 
stoichiometry very close to Al5BO9, assuming that the Al18B4O33 composition might be the result of 
inaccurate chemical analyses. However, PGAA analyses of the commercial A9B2 compounds Alborex 
and Alborite (Shikoku Chemical Co., Marugame, Japan) yield a composition of Al18.0(4)B4.0(1)O33, 
resulting from investigations loosely related to this project (Söllradl et al., 2013, see abstract in 
Appendix B).  
The crystal structure of the natural mineral boromullite Al9BSi2O19 (Buick et al., 2008) is 
closely related to A9B2 but with half of its structure consisting of sillimanite-type modules. It therefore 
represents a 1:1 polysome of Al5BO9 and Al2SiO5.  
MUL-XVI.351, B112/m: Boralsilite and Al4B2O9 group 
The monoclinic crystal structure of boralsilite Al16B6Si2O37 has an eightfold superstructure with 
all lattice parameters doubled in comparison to mullite. The octahedral chains are cross-linked by 
Si2O7 groups, BO4 tetrahedra, BO3 triangles, and AlO5 bipyramids (Peacor et al., 1999). The crystal 
structure of Al4B2O9 can be derived from boralsilite by replacing 2 Si + 1 O by 2 B and was recently  
shown to have monoclinic symmetry (Fischer et al., 2008) rather than orthorhombic as described 
before (Mazza et al., 1992). 
MUL-XXXII.352, P1¯ : Werdingite group  
The natural mineral werdingite Mg2Al14Si4B4O37 is described having a triclinic structure with 
AlO6 octahedral chains cross-linked by Si2O7 groups, (Fe,Mg)O5 bipyramids, (Al,Fe)O4, AlO5 and 
BO3 groups (Niven et al., 1991). 
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2 Scope and objectives, thesis outline 
2.1 Scope and objectives 
The unique properties of mullite such as low thermal expansion, low thermal conductivity, 
excellent creep resistance, high temperature stability and very good chemical resistance are the basis 
for the great importance of mullite ceramics in technical applications (chapter 1). Aluminum borates 
(e.g. A9B2, Al18B4O33) represent a second class of industrially important materials with mullite-type 
crystal structure. The most cited applications are the reinforcement of aluminum alloys by 
incorporation of aluminum borate whiskers and, due to the corrosion resistance of aluminum borates 
against molten glasses containing boron, the use in refractory linings (Garsche et al., 1991 and 
references therein). The combination of the two systems promises a great potential to design high-
performance materials. Solid solution between 3:2 mullite and Al18B4O33 was proposed in the 1950’s 
(Dietzel and Scholze, 1955; Scholze, 1956) as described in chapter 1.3. More recent systematic studies 
(Griesser et al., 2008; Zhang et al., 2010; Fisch, 2011) showed that there is no complete solid solution 
between mullites and aluminum borates. However, boron-doping of mullite results in significant 
changes of lattice parameters b and c. In contrast to that no significant changes are observed for lattice 
parameter a, which is linearly correlated with the Al/Si ratio in mullite. From infrared spectroscopic 
data the presence of BO3 rather than BO4 in B-mullites was proposed (Griesser et al., 2008). 
Despite their great potential for high-performance materials the information on the solid solu-
tion behavior, the boron incorporation mechanism, the crystal structure, and properties of boron-doped 
mullites is very sparse. A central part of this thesis is the determination of the crystal structure of 
B-mullite; this includes the formulation of a substitution mechanism and will lead to a better 
understanding of the physical properties of B-mullite. Furthermore the determination of some basic 
properties of B-mullites falls within the scope of this thesis as well as the determination of the actual 
chemical compositions and the incorporation limit for boron in the crystal structure of mullite. Thus, 
the following questions and tasks regarding mullite-type compounds in the ternary system 
Al2O3 - SiO2 - B2O3 will be addressed within this thesis: 
Objective 1: Syntheses and properties of B-mullites 
Synthesize B-mullites and study their in-situ formation conditions as well as their behavior and 
stability at high temperature and high pressure (thermal expansion, thermal stability, response to 
pressure). 
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Objective 2: Crystal structure of B-mullite 
Develop a crystal structure model for B-mullite with focus on the coordination of boron-
polyhedra and the linkage between the octahedral chains. This includes the formulation of a 
substitution mechanism as well as the determination of the chemical composition and the 
incorporation limit for boron in mullite. Furthermore the relationships between crystal structure and 
physical properties are addressed. 
Objective 3: Synthesis and crystal structure of Al8Si2B2O19 
The question whether the compound Al8Si2B2O19 has orthorhombic or monoclinic symmetry 
(chapter 1.3) is addressed. 
2.2 Thesis outline 
Following the introduction and methodic chapters (1-3), the central part of this thesis is 
presented in five chapters made-up of three manuscripts (chapters 4-6), which are published in peer-
reviewed scientific journals, and two chapters (7, 8) with contributions for manuscripts in preparation 
for publication. Chapters 4-6 correspond to the original manuscripts, compared to the published 
versions some cross references were added and figures were colored. All manuscripts were written by 
Hanna Lührs, the individual contributions from the co-authors are pointed out separately in the 
following. 
 
The first manuscript [chapter 4] 
“Boron mullite: Formation and basic characterization” 
Hanna Lührs, Reinhard X. Fischer, and Hartmut Schneider 
Materials Research Bulletin 47 (2012) 4031–4042 
DOI 10.1016/j.materresbull.2012.08.064 
addresses the formation conditions and properties of a series of B-doped mullites synthesized from 
sol-gel precursors. A detailed description of the synthesis protocol is given and the in-situ phase 
formation of B-mullites is described including a preliminary estimation of the incorporation-limit for 
boron, mainly based on the qualitative phase composition and lattice parameters. The characteristic 
development of lattice parameters with increasing B-content is discussed, as well as the thermal 
expansion behavior and the thermal stability of B-mullite. A first idea of the incorporation mechanism 
for boron is developed from calculations based on the amount of alumina impurities and confirmed by 
IR spectroscopic data. 
All syntheses, experiments, and data evaluation were done by Hanna Lührs with support from 
Petra Witte at the scanning electron microscope and Ute Jarzak for the infrared spectroscopy. The 
X-ray fluorescence analyses were performed by Bernhard Schnetger (Universität Oldenburg).  
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In the second manuscript [chapter 5] 
“Neutron diffraction and 11B solid state NMR studies  
of the crystal structure of B-doped mullite” 
Hanna Lührs, Anatoliy Senyshyn, Scott P. King, John V. Hanna,  
Hartmut Schneider, and Reinhard X. Fischer 
Zeitschrift für Kristallographie 228 (2013) 457-466 
DOI: 10.1524/zkri.2013.1595 
the crystal structure of B-mullite is presented based on the results of neutron diffraction data and 11B 
MAS NMR data from a series of B-doped mullites. The combination of Rietveld refinements, 
difference Fourier calculations, distance least squares refinements, and grid search methods was 
necessary in order to develop a reliable structural model. A special focus lies on the substitution 
mechanism, the coordination of B-polyhedra, and the consequences of the substitution for the local 
and average crystal structure. Furthermore this crystallographic model provides an explanation for the 
anisotropic behavior of the lattice parameters upon B-incorporation. 
The syntheses were done by Hanna Lührs with general lab support from Malik Šehovi?. The 
neutron diffraction experiments were performed by Hanna Lührs with support from Reinhard X. 
Fischer and technical assistance of Anatoliy Senyshyn (FRM II, Garching). The MAS NMR 
measurements and data fitting were done by Scott P. King and John V. Hanna (University of 
Warwick). All other data evaluation and processing was done by Hanna Lührs. 
 
The third manuscript [chapter 6] 
“Ambient and high-pressure synthesis, composition, and crystal structure of B-mullites” 
Hanna Lührs, Stefan Söllradl, Scott P. King, John V. Hanna, Jürgen Konzett,  
Reinhard X. Fischer, and Hartmut Schneider 
Available online in Crystal Research and Technology (2013) 
DOI 10.1002/crat201300210 
deals with the chemical analyses of single phase B-mullite samples using prompt gamma activation 
analyses (PGAA) and the comparison to the refinement-results based on neutron diffraction data. The 
second key aspect of this manuscript covers the high-pressure synthesis and crystal structure of the 
Al8Si2B2O19 compound based on X-ray diffraction, PGAA, and 11B MAS NMR data. The model is 
compared to the crystal structure of B-mullite from the second manuscript (chapter 5).  
The syntheses at ambient pressure were done by Hanna Lührs with general lab support from 
Malik Šehovi?. For the high-pressure syntheses the precursors were sent to Jürgen Konzett 
(Universität Innsbruck). The PGAA experiments and data evaluation were done by Stefan Söllradl 
(FRM II). All other measurements were performed by Hanna Lührs, with support from Reinhard X. 
Fischer and technical assistance of Anatoliy Senyshyn (FRM II) at the neutron powder diffractometer 
and assistance from Scott P. King (University of Warwick) for the MAS NMR measurements.  
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In chapter 7  
“Chemical composition of B-mullites” 
the correlation between lattice parameters and boron-content of different B-mullites is addressed. 
Compared to chapters 4 and 6, an enhanced relationship is presented, that allows for the calculation of 
the B2O3 content in B-mullites from lattice parameter c.   
 
Chapter 8 addresses the  
“Crystal chemistry of mullite and B-mullite under high-pressure”. 
Here the first results of an in-situ high-pressure Synchrotron X-ray diffraction study of B-mullite up to 
28 GPa are presented and compared to different boron-free mullites with respect to the crystal 
chemical changes in the structure. The in-situ high-pressure Synchrotron X-ray diffraction data were 
collected by P.E. Kalita and K. Lipinska (University of Nevada Las Vegas), the Rietveld refinements 
were done by Hanna Lührs. These results are in preparation for publication1. 
 
                                                     
1 The results of chapter 8 have not been submitted to a scientific journal as the copyright on the 
experimental data is at the University of Nevada, Las Vegas, who reserves the right of primary 
publication of the data from samples sent to them three years ago (2010). 
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3 Material and methods 
Within this section the synthesis protocols and analytical methods used within this work are 
described briefly. More detailed information on the syntheses, the instruments and their configuration 
is given in the respective chapters (4 to 8). 
3.1 Syntheses in the system Al2O3 - SiO2 - B2O3 
All samples reported on in this work were synthesized by the sol-gel procedure and follow the 
nitrate decomposition method using aluminum-nitrate nonahydrate, tetraethoxysilane and boric acid as 
reactants (Table 3-1). The chemicals were dissolved in pure ethanol and heated at 60°C in a water bath 
to form transparent sols followed by gelation at 60°C and subsequent drying at 150°C. The resulting 
yellowish, spongy glass was ground and calcined at 350°C with subsequent mullitization in corundum 
or platinum crucibles at temperatures between 900 and 1400°C. This method is similar to the solution-
plus-solution method described by Hoffman et al. (1984) (chapter 1.1) and was already successfully 
used for the B-mullite synthesis in the past (Griesser et al., 2008). Preliminary experiments not 
reported here in detail showed that careful and slow preparation of the gel and a mullitization 
temperature of 1200°C yield the best results with respect to the amount of alumina impurities and 
crystallinity. 
The precursor for the high-pressure syntheses was prepared by the same procedure only after 
calcination at 350°C the precursor was heated to 600°C in order to remove residual nitrates and 
organic compounds. Platinum or gold capsules and a piston cylinder apparatus were used to synthesize 
the samples at 800-875°C and pressures between 7 and 10 kbar. A detailed description of the high-
pressure syntheses is given in chapter 6. 
A list of all samples with their initial gel composition, synthesis conditions, and applied 
analytical methods is available in Appendix C. The raw data of all measurements can be found on the 
supplementary CD. 
Table 3-1: List of chemicals used for the syntheses of B-mullites. 
chemical elemental formula purity producer 
aluminum-nitrate nonahydrate Al(NO3)3•9H2O > 98% Fluka Chemicals 
tetraethoxysilane (TEOS) C8H20O4Si > 99% Sigma-Aldrich 
boric acid H3BO3 p.a. Merck 
99% 11B boric acid H3BO3 99 atom % 11B Sigma-Aldrich 
ethanol C2H6O ? 98% Sigma-Aldrich 
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A series of boron doped mullites (B-mullite) was prepared from single-phase gels with initial 
compositions based on a 1:1 isomorphous substitution of Si by B, starting from a 3:2 mullite 
composition (Al4.5Si1.5O9.75). A high amount of boron (>10 mol.%) can be incorporated into the crystal 
structure of mullite where it most likely replaces Si. In-situ phase formation of B-mullites was studied 
with high temperature X-ray diffraction and thermal analysis. A decrease of the formation temperature 
for B-mullite with increasing boron content was observed. With increasing boron content lattice 
parameters b and c significantly decrease, while no systematic evolution of a is observed. Long 
annealing at 1400°C results in decomposition of B-mullite to boron free mullite and ?-alumina. At 
800°C B-mullite appears to be stable over a period of at least 12 days. The mean thermal expansion 
coefficient was reduced by 15% upon incorporation of boron which makes the material 
technologically interesting. 
 
* Corresponding author: E-mail address: hanna.luehrs@uni-bremen.de 
Telephone: +49-421-218 65181, Telefax: +49-421-218-65189 
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4.1 Introduction 
Mullite is rare in nature but one of the most important synthetic materials for advanced struc-
tural and functional ceramics. This is due to its outstanding properties such as low thermal expansion, 
low thermal conductivity, excellent creep resistance, high temperature stability, and very good 
chemical resistance (Schneider, 2005a). Mullite in the strict sense has the composition 3Al2O3·2SiO2. 
However, chemical mullites formed from organic and inorganic precursors by polymerization and 
ceramization have a variable aluminum to silicon ratio according to Al2[Al2+2xSi2-2x]O10-x with 
0.18 ? x ? 0.88, where x can be derived from lattice parameter a according to a linear relationship 
(Fischer et al., 1996). 
Aluminum borates represent another very important class of materials, especially Al18B4O33, is 
of great industrial importance. The most cited application is the reinforcement of aluminum alloys by 
incorporation of Al borate whiskers to obtain high mechanical strength. Furtheron it is used as a 
material for refractory linings due to its favorable corrosion resistance against molten glass containing 
boron (Garsche et al., 1991 and references therein). The Al2O3-rich aluminoborate is reported having 
two slightly different chemical compositions: Al5BO9 and Al18B4O33. The result of recent crystal 
chemical investigations by Fisch et al. (2011) yielded a stoichiometry close to Al5BO9, assuming that 
the Al18B4O33 composition might be the result of inaccurate chemical analyses. 
The combination of the two systems, mullite and Al borate, has a great potential to design high-
performance materials. A solid solution between 3:2 mullite and the aluminum borate Al18B4O33 was 
proposed due to the similarities between the physical properties of mullite and Al18B4O33 (Dietzel and 
Scholze, 1955; Scholze, 1956). The term ‘boron-mullite’ was introduced by Werding and Schreyer 
(1996) for compounds represented by the gray field in Fig. 4-1 of the ternary system Al2O3-SiO2-
B2O3with vertices formed by 3:2 and 2:1 mullite, Al5BO9 with mullite-type structure (Sokolova et al., 
1978), and AlBO3 with a calcite-type structure (Capponi et al., 1972). Several compositions within 
this field are known to have a mullite-type structure and are represented by filled circles in Fig. 4-1. 
For further details and criteria for the classification of mullite-type structures see Fischer and 
Schneider (2008). Unfilled circles represent compounds that have not been structurally investigated 
yet, triangles refer to compounds with crystal structures different from mullite-type (Fischer and 
Schneider, 2008; Fischer et al., 2012). 
First studies within the compositional range of boron-mullites were performed by Griesser et al. 
(2008) and Zhang et al. (2010). They investigated starting compositions that are represented by black 
crosses and squares in Fig. 4-1, respectively. Griesser et al. (2008) investigated two series with a 
constant Al2O3 content of 70 and 60 mol.% respectively. According to these authors, 20 mol.% B2O3 
can be incorporated in the series with 3:2 mullite as end-member (60 mol.% Al2O3). However, their 
approach does not correspond to a 1:1 isomorphous substitution of Si4+ by B3+. Zhang et al. (2010) 
investigated boron-doped mullites at a constant Al/Si=3 ratio with up to 7.4 mol.% B2O3. In both 
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studies (Griesser et al., 2008; Zhang et al., 2010) quantitative chemical analyses were not performed 
and only the initial gel composition is reported. Griesser et al. (2008) do not give detailed information 
on phase composition and the existence of amorphous components. Hong et al. (1996) investigated the 
anisotropic grain growth in B2O3-doped diphasic mullite gels with Al/Si ~ 3.  
The aim of this work is to produce B-doped mullites which are likely to have improved 
properties such as reduced thermal expansion compared to boron-free mullite. The syntheses were 
performed by a sol-gel process with starting compositions where B3+ replaces Si4+ in equal amounts. 
We present qualitative results of the incorporation of boron into the mullite structure based on powder 
X-ray diffraction data at ambient and high temperatures, thermal analyses, infrared spectroscopy and 
XRF bulk analyses. 
 
Fig. 4-1: The ternary system Al2O3 – B2O3 – SiO2. The gray field represents the compositional range for ‘boron-mullites’ as 
defined by Werding and Schreyer (1996). Verified compositions with mullite-type structure are given as filled circles (black), 
unfilled circles correspond to poorly characterized compounds. Triangles represent phases other than B-mullites, crosses and 
squares represent the compositions investigated by Griesser et al. (2008) and Zhang et al. (2010). Red filled circles are the 
compositions investigated in this work. Three phases with distinct compositions that contain Si have been investigated so far: 
Boromullite (Buick et al., 2007, 2008), boralsilite and Al8Si2B2O19 (Grew et al., 2008). 
4.2 Synthesis, sample preparation 
All sol-gel syntheses followed the procedure given by Griesser et al. (2008) with modified gel 
compositions to account for the Si-B substitution. Appropriate amounts of aluminum-nitrate 
nonahydrate (>98%, Fluka), tetraethoxysilane (>99%, Aldrich) and boric acid (Merck, p.a.) were 
suspended in pure ethanol and stirred in an oil bath at 60°C to become transparent sols. These were 
stored in an oven at 60°C for 4 days for gelation. The transparent gels were dried at 150°C resulting in 
a yellowish, dry, spongy glass which was ground and calcined at 350°C for 5 h in a corundum 
crucible. Mullite forms during the 5 h annealing at 1200°C, which turned out to be the best 
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925-950°C. In the diffraction pattern taken at 950°C first broad diffraction peaks for mullite and ?-
alumina can be observed which is in good accordance with the DTA results. The broad diffraction 
peaks for ?-alumina start to become smaller above 1100°C and almost disappears around 1200°C, 
complete disappearance can be expected after 5h at 1200°C, as observed for samples with the same 
composition and 5h annealing. 
 
Fig. 4-2: DTA signals of STA measurements as a function of 
temperature for a series of precursor samples with different 
B2O3 contents. 
 
 
 
Fig. 4-3: Linear dependence of mullite formation temperature 
(exothermic DTA signal) from initial boron content. R² from 
linear fit is 0.97. 
 
Fig. 4-4: X-ray diffraction patterns recorded between 600 and 1200°C of a sample containing 5.3 mol.% B2O3. Diffracted 
intensities are given in gray scales and were interpolated between single measurements (horizontal lines) using the program 
multi surface (Messner, 2013). For specific temperatures original diffraction patterns (red) are superimposed. The DTA 
signal is given on the right. 
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The mullite diffraction peaks get narrower with increasing temperature, additional sharpening of 
mullite diffraction peaks was also observed after heating samples for 5h at 1300°C and 1400°C (Fig. 
4-5, bottom) and especially after heating the samples at 1400°C for 90h (Fig. 4-5, top) Rietveld 
refinements confirmed an increase of crystallite size upon long-term heating. The average crystal size 
for samples synthesized at 1200°C from Rietveld refinements is between 40 and 100 nm which is still 
very small and leads to significantly broadened diffraction peaks. Several experiments regarding the 
experimental conditions were performed but no significant influence on the resulting crystallite size 
was observed. Also longer annealing at 1200°C (48h) does not lead to the formation of larger crystals, 
which is in good accordance with the results of Schmücker et al. (2005b) who state that mullite grain 
sizes show little change up to 1500°C. 
 
 
Fig. 4-5: Diffraction peaks (120) and (210) of B-mullite (1 mol.% B2O3) synthesized at 1200°C, subsequently heat treated for 
5h at 1300°C, 1400°C (top), pressed to pellets, and heated for 90h at 1400°C (bottom). 
SEM images taken from a boron-free mullite sample and a sample containing 7.5 mol.% B2O3 
are given in Fig. 4-6. Both samples consist of particles with sharp edges; the particle shape of the 
amorphous precursor material is retained for the mullite particles. The individual particles measure up 
to ~50 μm and consist of mullite crystals measuring about 50 nm. In the boron-free sample some 
elongated mullite crystals were observed on the particle surface, measuring several hundreds of nm. 
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Diffraction patterns of representative samples can be found in Fig. 4-7, characteristic diffraction 
peaks for phase identification are labeled. The three alumina phases can be distinguished using the 
reflections between 43° and 46°2? (d = 2.10-1.97 Å), Al18B4O33 can be identified by the presence of 
the 20.3°2?, 23.1°2?, and 23.7°2? (d = 4.37, 3.87, and 3.75 Å) reflections and the splitting of the 
16.4°2? (d = 5.40 Å) mullite-reflection into two reflections at 16.4° and 16.7°2? (d = 5.40 and 5.31 Å). 
The qualitative phase compositions for a series of samples with initial boron contents up to 
25 mol.% B2O3 are summarized in Fig. 4-8. For the syntheses at 1200°C the major phase can be well 
described with the metric of the mullite unit cell (Pbam). (B-)Mullite is the only abundant phase up to 
about 10 mol.% B2O3. Samples containing 10 mol.% B2O3 or more contain increasing amounts of ?-
alumina. Only diffraction patterns of samples with more than 23 mol.% B2O3 show the characteristic 
reflections of Al18B4O44 (Fig. 4-7). Upon heating the samples for 5 h at 1300°C and 5h at 1400°C 
transformation of the alumina phase from ?-alumina to ?-alumina and ?-alumina is observed. After 
heating the uniaxially pressed samples for 90 h at 1400°C mullite and ?-alumina become the only 
abundant phases. The amount of ?-alumina increases with increasing boron content and for the silicon 
free sample ?-alumina becomes the only present phase, thus indicating the decomposition of B-mullite 
and Al-borate to boron-free mullite and ?-alumina. 
 
 
Fig. 4-7: Diffraction patterns of B-doped mullite samples containing 15 and 23 mol. % B2O3, syntheses were performed at 
1200°C, additional heating at 1300 and 1400°C.: m = (B-)mullite, ? = ?-alumina, ? = ?-alumina, ? = ?-alumina A=Al18B4O33. 
This means: Below 10 mol.% B2O3 all initial material is used to form a B-mullite phase, if more 
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parameters b and c significantly larger than for the same samples synthesized at 1200°C. In Fig. 4-9 b 
and c for these samples plot within the gray bars and thus indicate the presence of boron-free mullite 
which is in good accordance with the increasing amount of ?-alumina.  
 
  
Fig. 4-9: Lattice parameters a, b (top) and c (bottom) of 
mullite as a function of the initial B2O3 content. Black 
triangles refer to 1200°C synthesis, red filled circles to heat 
treatment at 1400°C for 90 hours. Unfilled symbols (only for 
c) represent samples annealed for 5h at 1300°C (blue 
triangles) and 1400°C (orange circles). Gray bars represent the 
variation in lattice parameters expected due to Al2O3 variation 
in mullite according to Fischer et al. (1996). Qualitative phase 
composition for both series (1200°C and 90h 1400°C) is given 
at the top. 
Fig. 4-10: Amount of ?-alumina calculated assuming that all 
B2O3 evaporated and boron-free mullite and ?-alumina are 
present (line). The actual amount of ?-alumina was derived 
from Rietveld quantifications (circles). 
The amount of alumina could be a measure of the amount of escaped boron and therefore a 
measure for the amount of boron incorporated into mullite. For ?-alumina and boron-free mullite a 
reliable Rietveld quantification was possible. In Fig. 4-10 the amount of ?-alumina is given as a 
function of the initial B2O3 content. The filled circles represent the results of Rietveld quantification 
for the samples annealed at 1400°C for 90h. Assuming that all boron escaped under these conditions, 
the theoretical ?-alumina amount was calculated (line in Fig. 4-10), resulting in a good correlation 
with the results of Rietveld quantification. Thus quantification of alumina phases represents a 
convenient tool to estimate the amount of boron in the sample. Unfortunately for the 1200°C samples 
a reliable quantification of ?-alumina and ?-alumina is difficult and an additional mistake would be 
made by using the structural model of boron free mullite for the refinement of the B-mullite phase. 
Theoretical calculations were done based on a series of initial bulk compositions where Si is 
replaced by B (corresponding to the samples synthesized in this work). The amount of impurity 
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alumina was calculated for different bulk compositions assuming that varying parts of the boron 
escape during synthesis and no amorphous phase is present. Calculations were performed for two 
different assumptions: (1) B replacing Si and (2) B replacing Al, both based on the same initial bulk 
composition. If only 50% of the initial boron is left in a sample originally containing 5.5 mol.% B2O3 
the resulting amount of impurity alumina is 10 wt.% if B replaces Si (case 1). If B replaces Al (case 
2), 24 wt.% impurity alumina has to be present. The above calculations show that the amount of 
alumina for case 1 increases with the amount of volatile boron. But the impurity alumina amount is 
much higher if B replaces Al. As the observed amount of impurity alumina for the 1200°C samples is 
significantly lower than expected for case 2, we conclude that B replaces Si rather than Al. The 
Rietveld quantification using structural models of boron-free mullite and ?-alumina reveals significant 
uncertainties. Nevertheless, based on the Rietveld quantifications the amount of boron escaped during 
1200°C syntheses was calculated for samples initially containing 10-15 mol.% B2O3. According to 
these calculations 28-35% of the initial boron escapes during 1200°C syntheses, yielding B-mullite 
compositions with y = 0.28…0.41 corresponding to the following stoichiometry: Al4.5Si1.5-2yB2yO9.75-y. 
For the calculations it is assumed that all Si + B is incorporated in the mullite phase and that 
Si + B = 1.5. However, these calculations yield rather large errors and therefore can only be used for a 
very rough estimation of the actual chemical composition. 
Bulk chemical analyses were performed on four single-phase samples by means of XRF; the 
results are given in Table 4-2. Al2O3 and SiO2 can be directly analyzed; the amount of B2O3 was 
calculated from the weight loss during preparation of the glass beads. The analyzed Si/Al ratio is 
reproduced with less than 1% deviation compared to the initial weights. However, the calculated 
amount of B2O3 is distinctly smaller than expected. Although the EDX spectra for boron-rich samples 
yielded small peaks around the spectral line for boron, no reliable quantification of boron is possible. 
However, the analyzed Si/Al ratio is in very good accordance with XRF results and the gel 
composition. 
Table 4-2: Initial compositions in the gel and the compositions calculated from XRF results are given. 
The difference to 100% from XRF was calculated as B2O3.  
initial gel composition  XRF 
Al2O3 [mol.%] B2O3 [mol.%] SiO2 [mol.%] Al/Si  Al2O3 [mol.%] B2O3 [mol.%] SiO2 [mol.%] Al/Si 
60.2 0.0 39.8 3.0  60.1 0.0 39.9 3.01 
60.8 1.0 38.2 3.2  61.3 0.2 38.4 3.19 
61.9 4.1 34.0 3.6  64.0 1.0 35.0 3.65 
63.9 6.4 29.8 4.3  66.7 2.0 31.3 4.27 
 
FT-IR spectra were taken from four (B)-mullite samples with 0 - 6.4 mol.% B2O3. The Si-O and 
Al-O absorption bands were assigned according to Voll et al. (2002). Griesser et al. (2008) assigned 
the bands between 1407 and 1278 cm-1 and 695-670 cm-1 to the B-O stretching and bending vibrations 
in the BO3 unit. Fig. 11 shows the FTIR spectra with clearly increasing intensities for the BO3 band at 
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1325 cm-1 for samples with increasing boron content. According to Griesser et al. (2008) a band for 
B-O stretching vibration in the BO4 unit would be expected between 1095 and 1025 and cannot be 
found in the data presented in Fig. 4-11. The BO3 vibrations were also reported for boron-doped 
mullites (Griesser et al., 2008; Zhang et al., 2010) but in contrast to this work and the work of Griesser 
et al. (2008), Zhang et al. (2010) describe an IR absorption band at 1090 cm-1 which they attribute to 
the stretching vibration of a BO4 group. It can be concluded from the IR data of this work that boron is 
present in samples with increasing amounts for increasing initial boron contents and that boron occurs 
in threefold rather than fourfold coordination. 
 
Fig. 4-11: FT-IR spectra of four B-doped mullite samples 
containing between 0 and 6.4 mol.% B2O3 in the gel. The 
absorption bands were assigned according to Voll et al. (2002) 
and Griesser et al. (2008). 
 
 
 
 
Fig. 4-12: Thermogravimetric signals for three B-mullite 
samples containing between 1.0 (black) and 6.4 (red) mole % 
B2O3. Grey bar: isothermal segment 2h at 1500°C. Diffraction 
patterns 1-3: from the three samples after STA analyses, 
patterns 4+5: from a sample containing 5.2 mole % B2O3 
heated for 5h and 90h at 1400°C. 
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material very interesting for a potential use as electron packaging devices and for catalyst supports in 
the temperature stability range of B-doped mullite, i.e. up to about 800°C (see e.g. Okada and 
Schneider, 2005). 
In Fig. 4-13 the volume of the unit cell is given as a function of temperature. The volume of the 
unit cell is smallest for the boron richest sample. Interestingly the boron free sample has a slightly 
smaller volume than the sample containing a small amount of boron. The thermally induced relative 
volume expansion of the unit cell is given as the slope of the linear fit between 300°C and 1000°C 
(Table 4-3). A reduction of 16% of the volume expansion was achieved by incorporation of boron into 
the mullite. 
 
 
Fig. 4-13: Temperature dependent lattice parameters and unit-cell volumes for mullite samples with different boron contents. 
Linear regression fits are given between 300°C and 1000°C, the respective errors and R² can be found in Table 4-3. 
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Table 4-3: Thermal expansion coefficients and coefficient of correlation (R²) for linear regression fits 
between 300 and 1000°C. Sample with initially 13.6 mol.% B2O3 contains alumina impurities. Volume 
expansion coefficient is given as the slope of linear fit. Estimated standard deviations (e.s.d.) are given 
in parenthesis. Literature data for undoped and Cr-doped mullite is given (Schneider and Eberhard, 
1990; Brunauer et al., 2001).  
B2O3 in gel [mol.%] Thermal expansion coefficients [× 10-6 °C-1]  Volume expansion 
   ? (a) ? (b) ? (c) ?¯ *  coefficient [× 10-3 Å3 °C-1] 
0.00   4.8(1) 6.8(1) 6.0(1) 5.9(1)  2.96(3) 
R² 0.998 0.999 0.999    0.999 
1.0 4.7(1) 6.01(4) 5.7(1) 5.5(1)  2.78(2) 
R² 0.998 1.000 0.999    0.999 
6.4 4.5(1) 5.8(1) 5.3(1) 5.2(1)  2.62(3) 
R² 0.992 0.999 0.998    0.998 
13.6 (alumina!)  4.6(1) 5.3(1) 5.0(1) 5.0(1)  2.50(2) 
 R² 0.996 0.999 0.999   0.999 
Mullite, undoped 4.1 6.0 5.7 5.3  (Brunauer et al., 2001) 
3.9 7.0 5.8 5.6  (Schneider and Eberhard, 1990) 
Cr-doped mullite 3.6 5.9 5.2 4.9  (Brunauer et al., 2001) 
3.1 6.2 5.6 5.0  (Schneider and Eberhard, 1990) 
* Mean thermal expansion coefficients are given by the equation: ?¯  = (? (a) + ? (b) + ? (c))/3 
4.5 Conclusion 
This work is based on the 1:1 substitution of Si by B and shows that more than 10 mol.% B2O3 
can be incorporated into mullite. B-mullite is formed from the gel phase between 965°C and 1000°C. 
The mullite-formation temperature decreases linearly with the boron content in the precursor. The 
lattice parameter c strongly depends on the initial boron content of the precursor and can be used as a 
relative measure for the amount of boron in mullite. Up to 10 mol.% initial B2O3, pure B-mullite is 
present but the limit for boron incorporation must be higher as the downward trend of c with 
increasing boron content still proceeds beyond this limit. Above 10 mol.% B2O3, different alumina 
phases are present as impurities and above 23 mol.% B2O3 Al18B4O33 forms as well.  
The amount of alumina present in the sample can be used as a measure for estimating the 
amount of boron in the sample. According to such calculations 28-35% of the initial boron evaporates 
during the syntheses at 1200°C. This indirect method is necessary as a direct quantification of the 
boron content in mullite was not possible yet. The presence of boron in threefold rather than in 
fourfold coordination was verified by FTIR spectroscopy. 
Heating B-mullite at temperatures higher than the synthesis temperature (e.g. 1300°C and 
1400°C) leads to slow decomposition and formation of boron-free mullite and ?-alumina. According 
to the results of DTA and XRD the decomposition is neither completed after 5h at 1400°C nor after 2h 
at 1500°C, but no boron is left after 90h at 1400°C. However, long-term stability at 800°C was proved 
by DTA and XRD and no significant changes in the lattice parameters occur after 48 h at 1200°C. 
Combined with the 15% reduction of the thermal expansion in comparison to boron-free mullite these 
facts make B-mullite a promising candidate for industrial applications like catalyst supports and 
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electron packaging devices. With respect to possible applications the sintering behavior of boron-
doped mullites was studied by Zhang et al. (2010). They found that the densification temperature is 
reduced as well as the bulk density with increasing amount of boron. The latter is explained by the 
light element boron and the increasing sample volume which is due to the higher amount of glass 
phase in the samples. According to Zhang et al. (2010) the high amount of glass phase is also the 
reason for reduced IR transparency of boron-doped mullites. 
For mullite and mullite-type materials the thermal expansion behavior is of great importance. 
Fisch and Armbruster (2012) recently investigated the structural evolution of synthetic mullite-type 
Al5BO9 and Al4B2O9 with increasing temperature. The rigid body behavior of the BO3 units agrees 
well with the results of Gatta et al. (2010) who investigated the pressure-induced structural evolution 
of Al5BO9 and also give a comparative analysis of the elastic behavior of mullite-type materials. 
Details on the temperature-induced structural changes in B-doped mullite cannot be given yet as it was 
not possible to identify the B-position from powder X-ray diffraction data. Hence, more work will be 
necessary to study the crystal structure (neutron diffraction, NMR) of B-mullite and to investigate the 
mechanisms of decomposition and transformation of boron mullite. This includes the direct chemical 
analyses (PGAA), mass or infrared spectroscopy attached to a STA, and crystal structural 
investigations. The latter will also help to explain the anisotropic behavior of lattice parameters upon 
boron incorporation as well as their thermally induced anisotropic behavior. In addition a comparative 
study is planned on the temperature- and pressure-induced structural evolution of mullite doped with 
various cations. 
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The crystal structure of boron-doped mullite (B-mullite) was studied by means of neutron 
powder diffraction and 11B solid state, magic-angle-spinning (MAS) NMR spectroscopy. The samples 
were prepared from single-phase gels consisting of aluminum nitrate nonahydrate, tetraethoxysilane, 
and boric acid, annealed at 1200° C. Boron resides in a planar, trigonally coordinated position 
crosslinking the octahedral chains perpendicular to the c-axis. The B position was derived from a 
combination of Rietveld refinements with difference Fourier calculations and gridsearch analyses 
applied to a series of samples with varying B contents. Based on the sample with the highest B content 
the local BO3 configuration was determined by distance least squares (DLS) refinements resulting in 
split positions for two O atoms in the AlO6 octahedron which leads to a local distortion of the 
octahedral geometry. This model was verified by subsequent Rietveld refinements of several samples, 
details of the crystal structure are given for the sample with the highest B content. The model for B 
incorporation is corroborated by the MAS NMR results which clearly show that the 11B isotropic 
chemical shift (?iso) and quadrupolar coupling constant and asymmetry parameter (CQ, ?) describe that 
of three-coordinate B in a near-trigonal planar environment. Furthermore this crystallographic model 
provides an explanation for the anisotropic behavior of the lattice parameters upon B-incorporation. 
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5.1 Introduction 
Mullite as a mineral is rare in nature but it is one of the most important phases in both tradi-
tional and advanced ceramics. The great technical importance of mullite ceramics can be explained by 
the outstanding properties of mullite: high thermal stability, low thermal expansion and conductivity, 
high creep resistance and corrosion stability. A comprehensive review on the structure and properties 
of mullite is given in Schneider and Komarneni (2005) and Schneider et al. (2008). The chemical 
composition of mullite is given by the solid-solution series Al2Al2+2xSi2-2xO10-x, with x ranging between 
0.2 and 0.9, corresponding to about 58-94 mol% Al2O3 (Fischer et al., 1996). Main compounds are 3:2 
mullite (x = 0.25) and 2:1 mullite (x = 0.40). A large variety of cations can be incorporated into the 
crystal structure of mullite depending on the synthesis temperature and atmosphere. There have been 
intensive investigations on the incorporation of transition metal cations into mullite which are 
summarized in two reviews (Schneider, 2005b; Schneider et al., 2008 and references therein ). It is 
known that transition-metal ions preferably enter the octahedral positions in mullite replacing Al. 
Maximum incorporations are observed for M3+ cations replacing Al3+ in the structure. The replacement 
of octahedrally coordinated Al3+ by cations with other oxidation states, e.g., Ti4+ and V4+ is less 
favorable, since it requires simultaneous substitution of Si4+ by Al3+. The incorporation of Ti3+, Ti4+, 
V3+, V4+, Cr3+, Mn2+, Fe2+, Fe3+, and Co2+ has been reported (Schneider, 1990). In small quantities, 
Eu2+, Eu3+, Zr4+, and Mo3+are also present in mullite structures (Schneider, 1986b; Tomsia et al., 1998; 
Kutty and Nayak, 2000). Besides transition metals the incorporation of significant amounts of Ga3+ 
(favorably at octahedral position, see Schneider, 1986a) and B3+ (Griesser et al., 2008) have been 
reported. Also Si4+ can be replaced by Ge4+, which opens the wide field of Ge-mullite-type compounds 
(Schneider and Werner, 1982). Caballero and Ocana (2002) mention that small amounts of Sn4+ can be 
incorporated in mullite. For Na+ and Mg2+ interstitial and octahedral incorporation is suggested, 
respectively (Schneider, 1984, 1985).  
An existence of a solid-solution series between 3:2 mullite (Al4.5Si1.5O9.75) and Al18B4O33 by 
substitution of B for Si in mullite was suggested (Dietzel and Scholze, 1955) due to similarities in the 
physical properties. Recent investigations show that mullite can incorporate a large amount of boron 
but that there is no complete solid solution series between mullite and mullite-type Al borates 
(Griesser et al., 2008). However, B-doping of mullite results in significant changes of lattice 
parameters b and c as reported by several authors (Griesser et al., 2008; Zhang et al., 2010; Lührs et 
al., 2012, chapter 4 in this thesis). While the lattice parameter a is linearly correlated with the Al/Si 
ratio in pure aluminosilicate mullite (Fischer et al., 1996), no significant variation in a is observed for 
B-doped mullites. Furthermore the incorporation of B results in a strong reduction of the mean thermal 
expansion coefficient of 15% (Lührs et al., 2012, chapter 4). The anisotropic behavior of lattice 
parameters with increasing boron content as well as with increasing temperature have not been 
explained crystallographically so far as the structure model for B-mullite was not known. The low 
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5.2.2.2 Rietveld refinements and difference Fourier synthesis 
All Rietveld refinements and difference Fourier calculations were performed using the Rietveld 
software BRASS (Birkenstock et al., 2012). Instrumental profile parameters were derived by 
refinement of a Si-standard and used for all subsequent refinements. The crystal structure of the boron-
free sample was refined using a 3:2 mullite structure model (Saalfeld and Guse, 1981, unit cell 
transformed to the setting used by Angel and Prewitt, 1987) and varying the following parameters: 
zero point, scale factor, lattice parameters, atomic positions, occupancy of T* (and T, O3 and O4 as 
dependent parameters), and iPG for the Gaussian peak width. The resulting model was then used as a 
first approximation for the refinement of the B-doped samples with subsequent difference Fourier 
analysis in order to find missing scattering matter. Alumina impurities in samples IV to VIII were 
simulated and refined using structure models of theta and alpha alumina, respectively. 
5.2.2.3 Grid search analysis 
As a second method to locate missing scattering matter the gridsearch approach was applied. 
This method was introduced by Baur and Fischer (1986) as an alternative tool to the Fourier methods 
biased by termination effects. The gridsearch method is implemented in the BRASS program package. 
To locate scattering matter a dummy atom is shifted on a grid within the asymmetric unit, at each 
position in the grid the occupancy of a dummy atom is refined and recorded together with the 
respective residuals (Rwp and RB). A maximum in the site occupancy factor (SOF) and minimum in 
the residuals of the grid search analysis indicates a missing atom in the structural model at this 
position. The method has already been successfully applied to Cr-mullite, where the Cr atom could be 
located in the octahedral site by both Fourier and grid search analyses (Fischer and Schneider, 2000) 
and was also successfully used to locate missing O atoms in Al4B2O9 (Fischer et al., 2008). 
For all neutron diffraction patterns a dummy O atom was shifted in steps of 0.02 in x, y, and z 
direction, yielding 35937 data points with refined occupancies and residuals.  
5.2.2.4 Distance least squares (DLS) refinements  
Due to enlarged B-O distances after the Rietveld refinements and the lack of a threefold coordi-
nated position within the mullite structure with appropriate B-O distances, DLS refinements were 
necessary. Therefore the program DLS-76 (Baerlocher et al., 1978) was used to refine the local 
environment of B in the B-mullite crystal structure with geometric restraints for the interatomic 
distances. Lattice parameters were fixed to the refined values from Rietveld analyses as well as the 
atomic coordinates for Al, B, and the O positions of the octahedra not belonging to the first two 
coordination spheres of B. The prescribed distances and respective weights are listed in Table 5-3. The 
Al-O distance for AlO6 of 1.91 Å is the mean distance in 3:2 mullite (Saalfeld and Guse, 1981), 2.70 Å 
is the O-O distance assuming a regular octahedron. Taking the ideal B-O distance (1.37 Å ) from 
Hawthorne et al. (1996), recently confirmed by Gatta et al. (2010) for mullite-type Al5BO9 and 
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from B-substituted mullites of variable composition, it can be observed that isotropic chemical shift 
values of ?iso 21 - 22 ppm consistently characterize these 2nd order quadrupole broadened 11B 
resonances. This ?iso value can be unambiguously assigned to BO3 moieties in the structure. The 
simulation of these data (as in Table 5-4) consistently shows that these lineshapes represent a 
quadrupole coupling constant (CQ) of 2.59 MHz, which is also indicative of a threefold coordinated B 
environment. In addition, a low ?Q value of 0.15 suggests that the B site possesses a near-three fold 
axis of rotation, as expected for a slightly distorted trigonal planar BO3 environment. This contrasts 
markedly with BO4 units which are typically characterized by resonances located further upfield at ?iso 
~0 - 10 ppm and much smaller CQ values of ~0 – 0.5 MHz. 
 
Table 5-4: Summary of 11B solid state NMR experimental parameters from simulated fits of 
experimental data. 
 ?iso [ppm] CQ [MHz] ?Q Environment 
NMR-II 22.1(5) 2.6(1) 0.15(1) BO3
NMR-III 21.9(5) 2.6(1) 0.15(1) BO3 
NMR-IV 21.8(5) 2.6(1) 0.16(1) BO3 
 
It is interesting to note that as the nominal compositions of the samples varies from 1.0 to 
6.4 mole% B2O3, no change to the immediate B environment can be detected through the measured 
?iso, CQ and ?Q values, thus suggesting that the local (short range) BO3 configuration is largely 
invariant to the degree of B incorporation. This agrees well with MacKenzie et al. (2007) who found 
that the three different BO3 environments in Al6-xBxO9 (x=1-4) are not distinguishable by means of 
Fig. 5-1: 11B single pulse MAS NMR measurements of (a) NMR-IV, (b) 
NMR-III, (c) NMR-II mullite samples carried out at 14.1 T with ?r = 12 
kHz. The experimental data are displayed with the simulation of the each 
spectrum (above). (d) 2D 3QMAS result of the NMR-IV sample also 
acquired at 14.1 T, ?r = 12 kHz. 
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5.3.2.1 Rietveld refinements 
For all refinements of B-doped samples the refined model of the B-free mullite sample was used 
as a starting model, already resulting in good fits. A decrease of lattice parameter c compared to 
boron-free mullite was observed for all B-doped samples. As discussed in our previous work (Lührs et 
al., 2012, chapter 4) this indicates the incorporation of boron into the crystal structure of mullite. In 
order to determine the B position within the mullite structure difference Fourier and gridsearch 
calculations had to be applied to all samples. 
5.3.2.2 Difference Fourier synthesis 
For all samples difference Fourier calculations were performed after the best possible profile fit 
had been achieved with the B-free model. The positions of the maxima and minima in the difference 
scattering density map were carefully checked for correspondence with atomic positions of the B-free 
mullite. The highest maximum in all calculations corresponds to the O1 position, for samples II-IV the 
O1 maximum is followed by maxima for the O2 and Al (not IV) position. For all B-doped samples the 
first maximum that could not be assigned to an atomic position of the B-free mullite model was found 
at about x = 0.21, y = 0.27, z = 0.50. Difference Fourier maps for samples I (B-free) and VI (B-doped) 
are given in Fig. 5-4 a, b for z = 0.5. From the contour maps it clearly emerges that there is a distinct 
maximum around x = 0.2, y = 0.27, z = 0.5 for the B-doped sample, indicated by the red contour lines. 
For the B-free sample no residual neutron scattering matter is observed near this position. Additionally 
it is observed that the maximum in samples II-VI shows increasing intensity with increasing B-content 
(Fig. 5-3). Therefore this position is likely to be occupied by B. For samples V  and VI at least one of 
the positions in the list of minima can be assigned to the O3 position and for sample VI a minimum is 
also observed near the T position (minima = blue contour lines in Fig. 5-4). 
 
Fig. 5-3: Relative residual neutron scattering density RHO 
(highest maximum = 999) as a function of the initial B2O3 
content. Numbers of samples are given according to Table 
5-1. 
 
The following model is derived from the difference Fourier calculations: B enters a threefold 
coordinated position between the octahedral chains and tetrahedral Si is removed in equal amounts. To 
allow for charge compensation the Si atoms of two neighboring tetrahedra are replaced by trigonally 
coordinated B atoms and at the connecting O3 position between the tetrahedra an oxygen vacancy 
forms. This model is in good accordance with the hypothesis given in equation (2). The maxima in 
scattering density near the O1 and O2 positions can possibly be interpreted as indication for a rotation 
or distortion of the octahedra. 
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Fig. 5-4: a, b) Difference Fourier maps for the x-y-plane with z=0.5 for boron free sample I (a) and boron-doped sample VI 
(b). A projection of the polyhedral framework of mullite is given with octahedra in blue and tetrahedra in green. c) SOF 
contour map of the grid search analysis for sample VI (B-doped). d) SOF (red), RB (gray) and Rwp (gray) as a function of x, 
along the red line given in the contour map (y = 0.24, z = 0.5). 
5.3.2.3 Grid search analysis 
For all B-doped samples grid search calculations were performed based on the same model as 
the difference Fourier calculations. The occupancy (SOF) of the dummy atom reveals a local 
maximum around x = 0.22, y = 0.24, z = 0.5, simultaneously minima for the residuals (RB and Rwp) 
are observed. All three effects become more pronounced with increasing B-content, and similarly to 
the difference Fourier results for the B-free sample no effects can be observed at this position. In Fig. 
5-4 (c) a contour map of the occupancy (SOF) is given for sample VI. The red contour lines clearly 
indicate the maximum at the above mentioned position. The correlation of the maximum in SOF and 
the corresponding minima in Rwp and RB can be seen in an x-profile with y = 0.24 and z = 0.5 shown 
in Fig. 5-4 (d). As well as from the difference Fourier calculations it emerges from the gridsearch 
analyses that there is an increasing amount of observed scattering matter with increasing B-content on 
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the threefold coordinated position connecting the octahedral chains. This can only be explained by B 
in this position. 
5.3.2.4 Rietveld and DLS Refinements of the B-mullite model 
Up to this point all Rietveld refinements were performed using a B-free mullite model. The 
sample with the highest B-content and a relatively small amount of alumina impurity (sample VI) was 
chosen for the final structure refinements. A B position was added to the structural model at the 
position derived from difference Fourier and gridsearch analyses (x = 0.2, y = 0.27, z = 0.5). The 
refinement with a fixed occupancy for the B position of SOF = 0.02 corresponding to 0.16 B atoms per 
unit cell yielded the best RB value (2.51 %) which was further improved by reducing the occupancy of 
the Si position by 0.02 (RB = 2.42 %). Independent refinement of occupancies for B, Si and O3 
resulted in a RB of 2.24 % and yielded occupancies very close to the values expected for the 
substitution model given in equation (2). Further improvement of the residuals (RB = 2.02 %) was 
achieved by refining the isotropic displacement parameters after fixing the occupancy for B to 0.025 
(0.2 B atoms per unit cell) and adjusting the occupancies of Si and O3 according to equation (2). 
Within the expected errors this corresponds to a B-mullite composition of: Al4.64Si1.16B0.2O9.58. The 
refinement resulted in strongly enlarged B-O distances of 1.64 Å and 1.65 Å, whereas a distance of 
1.37 Å is expected for a triangular BO3 unit (Hawthorne et al., 1996; Gatta et al., 2010, 2012). 
The local environment as refined by DLS and Rietveld methods is shown in Fig. 5-5. The 
refinement yielded a low DLS reliability index of 0.014 and B-O distances of 1.37 Å and 1.42 Å. For 
the O1 and O2 positions the refinement resulted in significant shifts for the oxygen atoms directly 
connected to B (O11, O211, O212), smaller shifts were observed for the O positions in the second 
coordination sphere. 
Finally, Rietveld refinements were performed using the results of the DLS calculations. 
Therefore, split positions of O1 and O2 were introduced (O11, O211, O212) and the occupancies fixed 
according to the following substitution scheme: for each B introduced into the structure one O1 and 
two O2 atoms were replaced by O11, O211, and O212 with the same occupancy as B. The refinement 
resulted in B-O distances close to the ideal value of 1.37 Å. Compared to the model without split 
positions the RB value decreased from 2.02 % to 1.97 %. The results of the refinements are listed in 
Table 5-5, selected interatomic distances and angles are given in Table 5-6. 
Rietveld refinements for samples III to V revealed the same substitution mechanism, yielding 
increasing site occupancies for the B position and decreasing site occupancies for the Si and O3 
position compared to the B-free model. With respect to the loss of B during synthesis the amount of B 
refined for samples III to V correlates well with the initial compositions of the samples (Table 5-1) 
yielding a smooth series together with sample VI. 
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Fig. 5-5: Section of B-mullite crystal structure with atomic positions derived from 3:2 mullite (red, black) and after DLS 
calculations with subsequent Rietveld refinement of split positions for O (green). The latter yielded almost ideal B-O 
distances and confirmed the local distortion of octahedra due to B incorporation. * red positions for 3:2 mullite from Saalfeld 
and Guse (1981). 
 
Table 5-5: Atomic coordinates, Wyckoff positions, and site occupancies (occ.) as refined for sample 
VI with the refined composition of Al4.64Si1.16B0.2O9.58. Pbam: a= 7.564902(1), b= 7.681806(1), 
c = 2.875613(4). Rp`=9.50, Rwp=4.52, RB=1.97. 
atom Wyck. x y z occ. B_iso [Å²] 
Al 2a 0 0 0 1 0.56(4) 
T(Al) 4h 0.1516(4) 0.3391(3) 0.5 0.5 0.81(4) 
T(Si) 4h 0.1516(4) 0.3391(3) 0.5 0.291(2) B(T(Al)) 
T*(Al) 4h 0.2654(21) 0.2022(20) 0.5 0.160 1.36 
O1 4h 0.3564(2) 0.4234(1) 0.5 0.95 0.94(2) 
O2 4g 0.1249(2) 0.2178(2) 0 0.90 0.89(2) 
O3 2d 0 0.5 0.5 0.463(1) 1.76(8) 
O4 4h 0.4458(10) 0.0530(11) 0.5 0.160 1 
B 4h 0.2306(25) 0.2547(26) 0.5 0.050(2) 0.2(6) 
O11 4h 0.3652 0.3746 0.5 0.05 B(O1) 
O211 8i 0.1432 0.2074 0.9075 0.025 B(O2) 
O212 8i 0.1439 0.2063 0.0925 0.025 B(O2) 
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Table 5-6: Selected interatomic distances and angles as refined for sample VI with the refined 
composition of Al4.64Si1.16B0.2O9.58. Values are given for 3:2 mullite, the Rietveld refinement, and the 
Rietveld refinement after DLS refinements. Distances and angles including split positions of O are 
given in italics.  
  Distances [Å]   Angles [°] 
  3/2 
mullitea 
B- 
mullite 
After 
DLS 
 3/2 
mullite a 
B- 
mullite 
After 
DLS 
M1-site     M1     
Al-O1  4x (2x) 1.896 1.898(1) 1.896(1) O1-Al-O1 2x 180 180 180 
Al-O11 2x   2.009 O2-Al-O2 1x 180 180 180 
Al-O2 2x 1.943 1.920(1) 1.922(1) O1-Al-O1 2x 99.17 98.49(5) 98.66(5) 
Al-O211 1x   1.945 O1-Al-O1 2x 80.83 81.51(5) 81.34(5) 
Al-O212 1x   1.941 O1-Al-O2 4x 89.80 89.53(5) 89.34(5) 
B-free mean 1.912 1.905 1.905(1) O1-Al-O2 4x 90.20 90.47(5) 90.66(5) 
B cont mean   1.949 angles involving split positions O11, O211, O212 
     O-Al-O    80.12(4)  
– 99.88(4) 
          
T-site     T     
T-O1 1x 1.700 1.680(3) 1.679(3) O1-T-O3 1x 111.08 110.6(1) 110.2(1) 
T-O2 2x 1.725 1.728(1) 1.725(1) O1-T-O2 2x 106.69 107.9(1) 108.4(1) 
T-O211 
T-O212 
   1.982(1) 
1.986(1) 
O2-T-O2 1x 113.56 112.6(1) 112.9(1) 
O2-T-O3 2x 109.39 108.9(1) 108.5(1) 
T-O3 1x 1.658 1.684(3) 1.686(2)      
 mean 1.702 1.705(2) 1.704(2)      
          
T*-site     T*     
Al*-O1 1x 1.814 1.79(2) 1.83(2) O1-T*-O4 1x 106.19 109.1(9) 108.0(8) 
Al*-O2 2x 1.773 1.80(1) 1.79(1) O1-T*-O2 2x 99.97 100.0(6) 99.2(6) 
Al*-O4 1x 1.852 1.77(2) 1.78(2) O2-T*-O4 2x 118.96 119.3(6) 119.8(5) 
 mean 1.803 1.79(1) 1.80(1) O2-T*-O2 1x 108.96 105.8(8) 106.7(8) 
          
B-site     B     
B-O1 1x - 1.64(2) 1.61(2) O1-B-O2 2x  113.7(7) 114.8(7) 
B-O11    1.37(2) O11-B-O211    121.8(7) 
B-O2 2x - 1.65(1) 1.67(1) O11-B-O212    121.9(7) 
B-O211    1.39(1) O2-B-O2 1x  121.6(1.2) 118.9(1.1) 
B-O212    1.39(1) O211-B-O212    114.5(1.3) 
a 3/2 mullite data: (Saalfeld and Guse, 1981) 
5.4 Discussion 
Only from the combination of a series of samples with different B contents using various 
methods were we able to collect sufficient information to develop a model for the incorporation of B 
into the crystal structure of mullite. The comparison with a B-free sample was especially crucial with 
respect to the results of difference Fourier and gridsearch calculations. The substitution model 
developed from difference Fourier and gridsearch calculations suggesting that B resides in a trigonally 
coordinated position connecting the octahedral chains perpendicular to the crystallographic c-axis 
agrees well with the results of NMR spectroscopy and confirmed the hypothesis regarding the 
substitution mechanism given in equation (2). Rietveld refinements using this model resulted in 
unacceptably large B-O distances. As there does not exist a threefold coordinated position within the 
crystal structure of mullite with B-O distances close to the expected value of 1.37 Å, a distortion 
and/or rotation of the octahedra has to be considered. This is also indicated by maxima in the 
difference Fourier maps close to the O1 and O2 position and the increasing inclination angle ? with 
5 | Neutron diffraction and ¹¹B solid state NMR studies of the crystal structure of B-doped mullite 
60 
increasing boron content (Fig. 5-6). The inclination angle ? represents the angle between the 
octahedral chains and was calculated from the results of Rietveld refinements based on a B-free 
model. All values for ? are within the range that is expected for mullites (Fischer and Schneider, 
2005). By allowing local shifts of the O1 and O2 positions a model with reasonable B-O distances and 
split positions for O1 and O2 was derived from geometric refinements using the distance least squares 
(DLS) method (Baerlocher et al., 1978). The subsequent Rietveld refinement yielded B-O distances of 
1.37 Å (B-O11) and 1.39 Å (B-O211/2), the complete results are summarized in Table 5-5 and 5-6 
All distances and angles (Table 5-6) for the average structure are well within the range that can 
be expected for mullite. Considering the split positions of O1 and O2 the only distances significantly 
larger than expected are the Al-O11 distance of 2.009 Å and the T-O211/O212 distances of 
1.982/1.986 Å. With respect to the disorder in the local environment the error might be larger than 
expected from the esd’s. Nevertheless these values indicate a significant distortion of the polyhedra in 
the coordination sphere of the BO3 group. Generally the octahedra and tetrahedra become more regular 
due to B incorporation compared to B-free 3:2 mullite as shown by the distortion indices calculated 
according to Baur (1974) given in Table 5-7. Especially the distortion index for the octahedral 
distances (MO) shows a significant decrease upon B-incorporation and a small decrease is also 
observed for the tetrahedral angle index (OTO). The distortion indices for the octahedral angle (OMO) 
and the tetrahedral distances (TO) show no significant variation. As no increase in distortion is 
observed upon B-incorporation in the average structure, it can be concluded that the increasing ? (Fig. 
5-6) indicates a rotation of the octahedra. 
 
Fig. 5-6: Inclination angle ? bet-ween octahedra as a 
function of the initial content of B2O3. Numbers of samples 
are given according to Table 5-1. 
In Fig. 5-7 the crystal structure of B-mullite is given as refined for sample VI including the Si-B 
substitution mechanisms developed in this work. Only one out of many possible distributions for 
oxygen vacancies, T3O groups, and BO3 groups is represented (Fischer et al., 2012). The substitution 
mechanism was shown to be the same independent of the B-content. Compared to the initial 
composition of sample VI the refined B2O3 content is strongly reduced (2.8 mol% compared to 
7.6 mol%). This agrees very well with the fact that some B is lost during synthesis and therefore 
additional alumina forms (Lührs et al., 2012, chapter 4). As far as reasonable refinements of the B 
positions were possible for the samples II to V they yielded a reduction of the B-content in the same 
order of magnitude as for sample VI. 
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Table 5-7: Polyhedral distortion indices (DI) calculated according to Baur (1974) 
3/2 
mullite B-mullite after DLS 
octahedra MOa 0.011 0.005 0.006 
OMOb 0.035 0.035 0.037 
tetrahedra TOc 0.014 0.013 0.012 
OTOd 0.017 0.010 0.010 
a DI(MO) = ?|TOi-TOm|/6TOm 
b DI(OMO) = ?|OMOi-OMOm|/12OMOm 
c DI(TO) = ?|TOi-TOm|/4TOm 
d DI(OTO) = ?|OTOi-OTOm|/6OTOm 
with subscripts m and i referring to the mean and individual 
values, respectively  
 
 
 
Fig. 5-7: Crystal structure of B-mullite as refined for sample VI showing the Si-B substitution mechanism developed in this 
work. Oxygen vacancies are indicated by squares. Only one out of many possible distributions (see Fischer et al., 2012) of 
oxygen vacancies, T3O groups and BO3 groups is shown. 
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For B-doped mullite an anisotropic behavior of the lattice parameters due to the incorporation of 
B is described (Griesser et al., 2008; Zhang et al., 2010; Lührs et al., 2012, chapter 4). Changes are 
reported to be highest along the crystallographic c-axis, followed by significant changes in b direction. 
The reduction of lattice parameter c can directly be derived from Fig. 5-5 as the split O positions 
(O211 and O212) are closer to each other than O2-O2. Comparing the crystal structure of 3:2 mullite 
with B-doped mullite (Table 5-5), changes in the oxygen positions including split positions for O1 and 
O2 are observed (Fig. 5-5). This leads to significant changes in the O-O distances for the unit cells 
with B instead of Si. The changes for each O-O distance were calculated for the three crystallographic 
directions and are given in Table 5-8. In direction of c a local reduction of the O2-O2 distance of 
0.53 Å is observed for B-mullite compared to B-free mullite, this corresponds to 18.5 % of lattice 
parameter c. The change in b-direction is significantly lower (3.7 %) and for a it is only 1 %, this 
agrees well with Lührs et al. (2012 chapter 4) who did not find systematic changes in lattice parameter 
a upon B-incorporation but significant changes for b and c. With this crystallographic model the 
anisotropic behavior of lattice parameters upon the incorporation of B can be explained and it is shown 
that the lattice parameters are strongly affected by the O-O distances.  
Table 5-8: Shift of O1 and O2 atoms from 3:2 mullite to the model of B-mullite (Table 5-5) given for 
the different crystallographic directions.  
 Shift in direction of lattice vector 
 a b c 
O1-O11 0.07 Å -0.37 Å 0.00 Å 
O2-O211 0.14 Å -0.09 Å 0.27 Å 
O2-O212 0.14 Å -0.08 Å -0.27 Å 
Change of O-O distance 
 -0.08 Å -0.29 Å -0.53 Å 
Change of O-O distance in parts of lattice parameter 
 -1.0 % -3.7 % -18.5 % 
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5.5 Conclusion 
The crystal structure of B-mullite was solved by means of neutron diffraction and 11B MAS 
NMR spectroscopy. The precise B position could only be derived from a combination of Rietveld 
refinements with difference Fourier calculations and gridsearch analyses applied to a series of samples 
with varying B contents. 
The Si atoms in two neighboring tetrahedra are replaced by B and the connecting oxygen atom 
is removed from the structure. Hence, the incorporated B resides in a near-trigonal planar position 
crosslinking the octahedral chains perpendicular to the c-axis. The local BO3 configuration was 
determined unequivocally by 11B MAS NMR, and also confirmed by distance least squares 
refinements resulting in split positions for two O atoms in the adjacent AlO6 octahedron which leads to 
a local distortion of the octahedral geometry. Furthermore the split positions lead to significantly 
shortened O-O distances in the c-direction compared to the a- and b-direction. Therefore the 
crystallographic model provides an explanation for the anisotropic behavior of the lattice parameters 
upon B-incorporation. In order to explain the anisotropic thermal expansion behavior of B-mullite, the 
temperature dependent development of distances and angles has to be considered.  
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The chemical compositions of several B-doped mullite samples were analyzed using prompt 
gamma activation analyses (PGAA) indicating that 15% of the Si in the crystal structure of mullite can 
be replaced by B during sol-gel synthesis at ambient pressure and 1200°C without the formation of 
impurities. Furthermore the PGAA results agree very well with the chemical compositions derived 
from Rietveld refinements based on neutron diffraction data. High-pressure and high-temperature 
synthesis yielded a B-mullite with significantly higher B-content than observed before (close to 
composition Al8Si2B2O19). The results of PGAA, XRD, and neutron diffraction experiments show 
linear behavior of lattice parameters b and c as well as of the inclination angle ? of the AlO6 octahedra 
in the ab-plane with increasing B-content. The Rietveld refinements support the substitution 
mechanism known for B-mullites, involving the formation of oxygen vacancies and the replacement of 
40% of the tetrahedral Si by BO3 units during the synthesis at 875°C and 10 kbar. However, the 
refined chemical composition as well as a very low lattice parameter a suggest a second mechanism 
for the incorporation of B into mullite. This is clearly supported by the 11B MAS NMR experiment 
indicating the presence of B in BO4 configuration but BO3 being dominant. Here for the first time a B-
mullite crystal structure is presented yielding BO3 and BO4 units in space group Pbam. 
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6 | Ambient and high-pressure synthesis, composition, and crystal structure of B-mullites 
66 
6.1 Introduction 
Mullite is a rare mineral in nature but it represents one of the most prominent phases in both 
traditional and advanced ceramic materials. The outstanding properties of mullite such as high thermal 
stability, low thermal expansion and conductivity, high creep resistance and corrosion stability make 
mullite ceramics technologically important. The chemical composition of sol-gel derived mullites is 
given by the solid-solution series Al2(Al2+2xSi2-2x)O10-x, 0.2 < x < 0.9, corresponding to about 
58-94 mol% Al2O3 (Fischer et al., 1996) with the thermodynamically stable compounds 3:2 mullite 
(sinter-mullite, x = 0.25) and 2:1 mullite (fused-mullite, x = 0.4). Depending on cation charge and 
diameter, synthesis temperature, and oxygen fugacity, the crystal structure of mullite is able to 
incorporate a large variety of cations (Schneider, 2005b; Schneider et al., 2008 and references therein). 
Dietzel and Scholze (1955) investigated the system B2O3-Al2O3-SiO2. From systematic changes of the 
refractive indices and the reduction of lattice parameter c with increasing B2O3 content, they proposed 
a solid-solution series between 3:2 mullite (Al4.5Si1.5O9.75) and Al18B4O33 by substitution of B for Si. 
Recent investigations (Zhang et al., 2010; Lührs et al., 2012, 2013a, chapters 4 and 5) showed that 
there is no complete solid solution series between mullite and mullite-type aluminumborates. In 
comparison to undoped 3:2 mullite, B-doping of mullite results in a significant reduction of lattice 
parameters b from 7.6944(2) to 7.6703(6) and c from 2.8844(1) to 2.8393(3) whereas lattice parameter 
a does not alter appreciably (7.5572(3) for B-free mullite and 7.5431(7) for B-mullite), both structures 
are described in space group Pbam. Furthermore, the incorporation of B results in a strong reduction 
of the mean thermal expansion coefficient of 15%, which makes the material interesting, e.g., for 
substrates being thermally shock resistant up to 1000°C (Lührs et al., 2012, chapter 4). The crystal 
structure of B-mullite has recently been solved from neutron diffraction data and 11B MAS NMR 
spectroscopy of a series of sol-gel derived B-mullites with various compositions synthesized at 
1200°C (Lührs et al., 2013a, chapter 5). Here, we report the results of the chemical analyses of B-
mullites using prompt gamma activation analyses (PGAA) compared with the results of the Rietveld 
refinements based on neutron diffraction data. 
Another borosilicate phase in the B2O3-Al2O3-SiO2 system with a composition given as 
Al8Si2B2O19 was synthesized by Werding and Schreyer (1992) at high pressure and high temperature 
being described as a boron-bearing sillimanite derivative. Later on it was described as a “boron-
mullite” with traces of disordered boralsilite (Grew et al., 2008). However, no details of the crystal 
structure and the crystal chemistry of this phase are known so far. Therefore, high-pressure syntheses 
were performed and the resulting products were analyzed by XRD, PGAA, and 11B MAS NMR in 
order to develop a structural model for this phase. 
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Table 6-2: chemical compositions of B-mullite samples: initial gel composition, PGAA, and Rietveld 
refinement. 
 initial gel composition PGAA Rietveld refinement 
AP1 Al4.51Si1.42B0.08O9.71 Al4.58(3)Si1.39(3)B0.032(1)O9.69  
AP2 Al4.47Si1.23B0.30O9.61 Al4.62(3)Si1.23(3)B0.147(1)O9.62  
AP3 Al4.50Si1.05B0.45O9.52 Al4.71(3)Si1.06(3)B0.228(3)O9.69  
AP8 Al4.50Si1.05B0.45O9.52  Al4.7Si1.1B0.2O9.6 (neutron) 
HP2 Al4.39Si0.93B1.38O9.46 Al4.19(7)Si0.91(6)B0.90(2)O9.45 Al4.5Si0.9B0.6O9.4 (XRD)* 
* Additionally some of the tetrahedral Al is replaced by B  
 
 
Fig. 6-1: Comparison of initial B-content in atoms per 
formula unit (a.p.f.u.) in the gel with PGAA results of three 
selected B-mullite samples (see Table 6-1). The 
uncertainties for PGA analyses are within the symbol size.  
 
In the Rietveld refinement of sample AP8 (neutron diffraction data), the known Si-B and Si-Al 
substitution mechanisms were applied. The refinement resulted in a composition of Al4.7Si1.1B0.2O9.6 
only deviating from the PGA analysis of sample III (with the same initial gel composition) in the 
second position after the decimal point. For neutron diffraction experiments, samples enriched in 11B 
are required which is rather disadvantageous for PGAA. Therefore, it was not possible to analyze the 
same sample with both methods. Compared to the initial gel composition the Rietveld refinement and 
the PGA analyses resulted in Al richer mullites. According to Fischer et al. (1996) an increase in 
lattice parameter a is expected for Al rich mullite. This was not the case for the B-mullites where no 
significant variation for a was observed for increasing B-content (and Al-content) (Lührs et al., 2012, 
chapter 4) up to 5 mol% B2O3. Most likely, the effect of increasing cell dimension in a direction is 
compensated by the reduction in the same direction due to B-incorporation. The Rietveld refinement 
of samples with higher initial B-content yielded B-mullite compositions containing less than 50(1)% 
of the initial B which can be ascribed to the presence of alumina impurities. 
It was shown by Lührs et al. (2012, chapter 4) that the lattice parameter c is most indicative for 
the amount of boron in the crystal structure of mullite. The same behavior is observed in Fig. 6-2 
where the lattice parameters for mullites with different amounts of B are given as well as some 
reference values from literature. For lattice parameters b and c, the refined values for the high-pressure 
sample HP2 (star in Fig. 6-2) fit very well into the trend of decreasing lattice parameter with 
increasing B-content. A linear relationship can be applied between the B-content and lattice 
parameters b and c, resulting in coefficients of correlation of 99% and 96%, respectively. The reported 
c lattice parameters of Al8Si2B2O19 (Werding and Schreyer, 1992), boromullite Al9BSi2O19 (Buick et 
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al., 2008), and boralsilite Al16B6Si2O37 (Grew et al., 2008) are very close to the extrapolated linear line 
for lattice parameter c in Fig. 6-2.  
For lattice parameters a and b, a significant decrease is observed at higher B-contents. For b 
there is an abrupt decrease for boralsilite only (> 15 mol% B2O3). Whereas for lattice parameter a no 
significant variation was observed below 5 mol% B2O3 a significant decrease is observed between 5 
and 25 mole %, including the high-pressure sample HP2. Especially this low value for lattice 
parameter a for HP2 suggests that there is a second mechanism for B-incorporation, this could be 
tetrahedral BO4 as observed for boralsilite (see 6.3.2).  
Rietveld refinements of a B-free mullite model were performed for a series of samples with 
different B-content (neutron diffraction data) and sample HP2 (XRD data). The inclination angle 
between adjacent octahedral chains was calculated as the angle between the octahedral chains in the 
a-b-plane (Fig. 6-2). The inclination angle systematically increases with increasing boron content as 
already reported by Lührs et al. (2013a, chapter 5, Fig. 5-6). The HP2 sample yields a significantly 
higher inclination angle than observed for B-mullites before and fits very well into a linear trend 
including the other B-mullite data (R² = 98%).  
 
 
Fig. 6-2: Lattice parameters and inclination angle ? (between the octahedral axes of neighboring AlO6 octahedra in the 
ab-plane) as a function of the B-content (estimated from PGAA or relationship given in Fig. 6-1). Filled blue circles (ambient 
pressure AP, neutron diffraction) and red star (HP2, XRD) represent parameters of this work whereas squares refer to 
literature values (a: Al8Si2B2O19 (Werding and Schreyer, 1992), b: boromullite Al9BSi2O19 (Buick et al., 2008), and c: 
boralsilite Al16B6Si2O37 (Grew et al., 2008)). Linear relationships are given for lattice parameters b and c and ? with the 
respective coefficients of correlation R2. 
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Indexing and space group determination with the programs XFIT (Cheary and Coelho, 1996), 
crysfire (Visser, 1969; Shirley, 2002), and checkcell (Laugier and Bochu, 2004) yielded different 
orthorhombic unit cell suggestions with either mullite-like lattice parameters or one of them doubled. 
Suggested space groups were Pbam (mullite) or subgroups of Pbam. Rietveld refinements of the 
structural model of mullite in Pbam and transformed to Pbn21 (subgroup of Pbnm – sillimanite) were 
performed. For the latter, the calculation yields small diffraction peaks at 19.5, 22.9, 23.7, and 30.6°2? 
which are not observed in the measurement. Therefore the mullite space group Pbam was chosen 
although the reflections at 46.3 and 67.5°2? with a relative intensity of 2% each cannot be indexed 
using this space group. Both reflections could be explained by the introduction of 1 w% gamma 
alumina as an impurity.  
6.3.2.1 11B MAS NMR 
So far in B-mullites, boron was only observed in BO3 groups (Lührs et al., 2013a, chapter 5). 
From the data presented here there are several indications for the presence of a second incorporation 
mechanism. Furthermore the presence of four coordinated B is clearly supported by the 11B MAS 
NMR spectrum (Fig. 6-4). The spectrum is dominated by the broad second-order quadrupolar 
lineshape that was simulated to yield an isotropic chemical shift of ?iso = 16.9(1) ppm and a nuclear 
quadrupole coupling constant CQ = 2.61(1) MHz, both values being clearly indicative for a B-
environment with nearly trigonal symmetry (MacKenzie and Smith, 2002). The low asymmetry 
parameter ? of 0.12(2) suggests a slight distortion of the trigonal planar BO3 environment as already 
observed by Lührs et al. (2013a, chapter 5). In contrast to that, BO4 units are typically characterized by 
resonances at more negative chemical shifts (-4 to 2 ppm). Thus, the second signal of the 11B MAS 
NMR spectrum was fitted by a single Gaussian peak at ?iso = 0.0(1) ppm and clearly confirms the 
presence of four coordinated B in the HP2 sample. Similar values for the chemical shifts and CQ were 
observed for BO3 and BO4 groups in the aluminum borate phase Al4B2O9 by Fischer et al. (2008) and 
Fisch et al. (2011). Integration of the two resonances yields about 7% of BO4. However, the 
uncertainty of this value might be relatively high as despite a very long measuring time (~40 h) the 
signal is not very good due to the very small amount of sample (less than 10 mg were used). 
 
 
Fig. 6-4: 11B single pulse MAS NMR measurement of 
sample HP2 carried out at 14.5 T, with 12.5 kHz MAS 
(black) and fitted profile (red). 
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6.3.2.2 Crystal structure refinement 
For the structure refinement, the crystal structure of 3:2 mullite (Saalfeld and Guse, 1981) was 
used as a starting model but without T* and O4 positions that result from Si-Al substitution. 
Furthermore, the occupancies of T(Si) and O3 were adjusted to a composition of Al8Si2O19 
corresponding to the desired composition without B. After a good profile fit was achieved, subsequent 
difference Fourier calculations yielded maxima near the T* and O4 position as well as a minimum 
close to the O3 position. This clearly indicates the presence of a mullite like Si-Al substitution 
mechanism (2 T(Si4+) + 3 O32- ? 2 T*(Al3+) + 2 O42- + ? ). The T* and O4 positions were introduced 
into the structure model, and positional parameters of all atoms were refined, the atomic positions of 
O4 were fixed after this refinement step. Subsequently, the site occupancy factors (SOF) for T* 
(= O4), T, and O3 were refined independently. The occupancies were fixed at the refined values 
rounded to the second decimal digit before displacement parameters were refined in groups of M, T, 
and O atoms. The composition and B-content derived from this refinement will be discussed in the 
following. The refinement resulted in a composition of Al4.5Si0.9O9.4. Charge balance can be achieved 
by introducing 0.59 B atoms which is close to 0.60 B atoms expected from the sum of cations 
(Al + Si + B) assumed to be 6 resulting from a 1:1 substitution scheme of B replacing Si in mullite. 
Thus, the resulting composition is Al4.5Si0.9B0.6O9.4. The occupancy for Al in the T* position (0.6 
atoms per unit cell, equivalent with the occupancy of O4) corresponds to twice the number of oxygen 
vacancies in a pure aluminosilicate mullite, yielding x = 0.3 vacancies per unit cell and consequently 
Al4.6Si1.4O9.7 (Al4+2xSi2-2xO10-x) as an initial composition for a pure aluminosilicate mullite before B 
substitution. Substituting 0.6 Si by [3]B and introducing 0.3 oxygen vacancies yields Al4.6Si0.8B0.6O9.4 
which is in good agreement with the experimentally determined amount of Si (0.91(6) a.p.f.u., PGAA) 
and the 0.6 B atoms needed for charge balance. Residual B not yet accounted for might replace Al on 
the tetrahedral sites in 4-coordination as indicated by the NMR spectroscopy. Introducing 25% B in 
BO4 configuration means replacement of 0.2 Al atoms by B, leading to a composition of 
Al4.4Si0.8B0.8O9.4 which would be in good agreement with the PGAA results (Al4.19(7)Si0.91(6)B0.90(2)O9.45). 
However, 25% BO4 is not consistent with the NMR analysis yielding only about 7% of the B atoms in 
BO4 configuration. Replacement of 0.1 Al by B yields 14% BO4 and a composition of 
Al4.5Si0.8B0.7O9.4. Considering the difficulties in refining occupancies of oxygen atoms based on 
powder diffraction data and to distinguish between Si and Al with similar scattering factors the results 
of the refinements have higher uncertainties than those obtained from neutron diffraction data. 
Therefore, the structure model presented here is a result of combined Rietveld and DLS refinement, 
structure modeling by crystal chemical considerations, PGAA and NMR analyses. 
Difference Fourier calculations based on the B-free model (Al4.5Si0.9O9.4) yield a maximum near 
the B position reported earlier (Lührs et al., 2013a, chapter 5). The local environment of this B 
position was refined using the DLS software as described in Lührs et al. (2013a, chapter 5), resulting 
in a low DLS reliability index of 0.018, reasonable B-O (1.3944 Å, 1.3943 Å, 1.4067 Å) distances, 
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and split positions for O1 and O2. Subsequent Rietveld refinement with 0.6 B atoms per unit cell in 
BO3 configuration and the corresponding number of split positions for O1 and O2 resulted in an 
improvement of the R-values. Compared to 3:2 mullite, in this model 40% of the tetrahedral Si is 
replaced by B in BO3 configuration. The resulting structure model, considering B in BO3 configuration 
and replacing some of the tetrahedral Al by B, is given in Table 6-3 and Fig. 6-5, the resulting 
distances and angles are listed in Table 6-4. All distances and angles are well within the expected 
range for (B-)mullites. Compared to the B-mullite structure of Lührs et al. (2013a, chapter 5) with a 
composition of Al4.64Si1.16B0.2O9.58, the structure presented here contains three times the amount of B in 
BO3 configuration. However, the basic local configuration is similar in both structures as shown in 
Fig. 5-5 and in Fig. 5-7 of Lührs et al. (2013a, chapter 5). Replacing two neighboring Si4+ atoms by 
B3+ yields an oxygen vacancy with adjacent BO3 groups dislocating the octahedral O-atoms. Due to 
the low amount of B in BO4 configuration in combination with the very low scattering factor of B it is 
virtually impossible to introduce this position into the structural model for refinements based on X-ray 
diffraction data. It is therefore presumed that B replaces Al in the tetrahedron, leading to a strong 
distortion of the tetrahedron itself as well as its next neighbors. 
The refined composition of Al4.5Si0.9B0.6O9.4 can be written more clearly with the tetrahedral 
atoms given in brackets and the occupancies of the different oxygen sites: 
Al2 (Al1.84# Si0.92 Al*0.64) B0.6 O13.4 O110.6
 O22.8 O2110.6 O2120.6 
 O30.8 
 O40.6 
 ?0.6 
Some of the tetrahedral Al (#) is replaced by B. 
6 | Ambient and high-pressure synthesis, composition, and crystal structure of B-mullites 
76 
 
Fig. 6-5: Crystal structure of B-mullite with the refined composition Al4.5Si0.9B0.6O9.4. Oxygen vacancies are indicated by 
squares. Only one out of many possible distributions (Fischer et al., 2012) of oxygen vacancies, T3O groups, and BO3 groups 
is shown. The presence of BO3 groups (red) leads to a distortion of the neighboring octahedra (blue) as indicated by the split 
positions for O1 (O11) and O2 (O211, O212). Additionally, some of the tetrahedral Al (T) is assumed to be replaced by B. 
Table 6-3: Atomic coordinates, site symmetries, Wyckoff positions, site occupancies (occ.), and 
isotropic displacement parameters for the refinement of sample HP2 with the refined composition of 
Al4.5Si0.9B0.6O9.4. Pbam: a = 7.508466(1), b = 7.651508(1), c = 2.832082(7), Rp` = 16.69%, 
Rwp = 4.74%, RB = 4.05%.  
atom Wyck. x y z occ. B_iso [Å²] 
Al 2a 0 0 0 1 0.67(4) 
T(Al) # 4h 0.1504(3) 0.3365(3) 0.5 0.46 1.26(4) 
T(Si) 4h 0.1504(3) 0.3365(3) 0.5 0.23 B(T(Al)) 
T*(Al) 4h 0.265(1) 0.196(1) 0.5 0.16 B(T(Al)) 
O1 4h 0.3548(4) 0.4178(4) 0.5 0.85 1.53(5) 
O2 4g 0.1344(5) 0.2166(3) 0 0.7 B(O1) 
O3 2d 0 0.5 0.5 0.4 B(O1) 
O4 4h 0.4153 0.0318 0.5 0.16 B(O1) 
B 4h 0.2022 0.2821 0.5 0.15 0.6 
O11 4h 0.3424 0.4041 0.5 0.15 B(O1) 
O211 8i 0.1401 0.2098 0.9220 0.075 B(O1) 
O212 8i 0.1403 0.2093 0.0808 0.075 B(O1) 
# some of the tetrahedral Al is replaced by B   
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Table 6-4: Selected interatomic distances and angles for the refinement of sample HP2 with the 
refined composition of Al4.5Si0.9B0.6O9.4. For comparison values are given for 3:2 Mullite (Saalfeld and 
Guse, 1981) and B-mullite with the composition Al4.64Si1.16B0.2O9.58 (Lührs et al., 2013a, chapter 5). 
Distances and angles including split positions of O are given in italics. 
  Distances [Å]      Angles [°] 
  3/2 
mullitea 
B- 
mulliteb 
HP2  3:2 
mullitea 
B- 
mulliteb 
HP2 
M1-site      M1     
Al-O1  4x (2x) 1.896 1.896(1) 1.895(2)  O1-Al-O1 2x 180 180 180 
Al-O11 2x  2.009 1.986  O2-Al-O2 1x 180 180 180 
Al-O2 2x 1.943 1.922(1) 1.941(3)  O1-Al-O1 2x 99.17 98.66(5) 96.7(1) 
Al-O211 1x  1.945 1.932  O1-Al-O1 2x 80.83 81.34(5) 83.3(1) 
Al-O212 1x  1.941 1.930  O1-Al-O2 4x 89.80 89.34(5) 90.9(1) 
B-free mean 1.912 1.905(1) 1.910  O1-Al-O2 4x 90.20 90.66(5) 89.1(1) 
B cont mean  1.949 1.939   
T-site      T     
T-O1 1x 1.700 1.679(3) 1.656(4)  O1-T-O3 1x 111.08 110.16(13) 110.0(2) 
T-O2 2x 1.725 1.725(1) 1.692(2)  O1-T-O2 2x 106.69 108.42(12) 105.6(2) 
T-O211 
T-O212 
  1.982(1) 
1.986(1) 
1.904(1) 
1.913(1) 
 O2-T-O2 1x 113.56 112.92(13) 113.7(2) 
 O2-T-O3 2x 109.39 108.45(11) 110.8(1) 
T-O3 1x 1.658 1.686(2) 1.685(2)       
 mean 1.702 1.704(2) 1.681       
           
T*-site      T*     
Al*-O1 1x 1.814 1.834(15) 1.829(9)  O1-T*-O4 1x 106.19 107.95(84) 116.3(5) 
Al*-O2 2x 1.773 1.792(10) 1.728(6)  O1-T*-O2 2x 99.97 99.24(59) 97.1(3) 
Al*-O4 1x 1.852 1.782(17) 1.689(8)  O2-T*-O4 2x 118.96 119.82(52) 116.6(3) 
 mean 1.803 1.800(13) 1.744  O2-T*-O2 1x 108.96 106.74(80) 110.0(5) 
           
B-site      B     
B-O1 1x - 1.61(2) 1.546(3)  O1-B-O2 2x  114.8(7)  
B-O11   1.37(2) 1.407  O11-B-O211   121.77(71) 120.8 
B-O2 2x - 1.67(1) 1.586(1)  O11-B-O212   121.86(71) 121.0 
B-O211   1.39(1) 1.3977  O2-B-O2 1x  118.9(1.1)  
B-O212   1.39(1) 1.3917  O211-B-O212   114.5(1.3) 117.4 
a (Saalfeld and Guse, 1981) 
b (Lührs et al., 2013a, chapter 5) 
      
6.4 Conclusion 
The chemical composition of different B-mullite samples was investigated using PGAA. For 
single-phase products, 50(1)% of the initial B from the gel enters the mullite structure. The PGAA 
results are in excellent agreement with the Rietveld refinement based on neutron diffraction data. 
The phase described as Al8Si2B2O19 by (Werding and Schreyer, 1992) was synthesized and 
found to have a composition of Al4.19(7)Si0.91(6)B0.90(2)O9.45 (PGAA). In agreement with Grew et al. 
(2008), it was found to have mullite-like lattice parameters and no impurities of (disordered) 
boralsilite. Based on a series of B-mullites with different B-content, linear trends for lattice parameters 
b and c as well as for the inclination angle ? were observed up to ~15 mol% B2O3. For lattice 
parameter c the linear trend can be extrapolated towards boralsilite. The strong decrease of lattice 
parameter a above 5 mol% B2O3 for the high pressure phase (HP2) suggests the presence of a second 
mechanism for B-incorporation which is also indicated by the number of oxygen vacancies determined 
by the Rietveld refinement. The existence of about 7% of the B in BO4 coordination was confirmed by 
the 11B MAS NMR experiment.  
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By combination of Rietveld refinement (XRD data), DLS refinement, and 11B MAS NMR the 
composition was determined to be Al4.5Si0.8B0.7O9.4. Considering the relatively big uncertainties in the 
refinement of the occupancies based on X-ray diffraction data, this composition is in good agreement 
with the PGAA analysis.  
Due to the low amount of BO4 and the low scattering factor of B using XRD, no explicit 
positions for the four coordinated B can be given here. In comparison to boralsilite, where BO4 
tetrahedra are connected to trigonal bipyramids of AlO5, it is expected that in B-mullite some of the B 
replaces Al in the tetrahedra, resulting in additional distortion of the neighboring AlO6 polyhedra.  
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7 Chemical composition of B-mullites 
This chapter is an enhancement to chapter 6 (Lührs et al., 2013b) and presents a more precise 
relationship between lattice parameter c and the chemical composition derived from PGAA 
measurements of B-mullites. It has been pointed out earlier that lattice parameter c is indicative for the 
amount of boron incorporated into the mullite crystal structure (Lührs et al., 2012, 2013b, chapters 4 
and 6). However, the relationships presented before are based on the initial boron content (Fig. 4-9) or 
estimations of the boron content and neutron diffraction data (Fig. 6-2). In this section a more 
precisely defined relationship is presented between lattice parameter c, calculated from X-ray 
diffraction data, and the boron-content determined by PGA analyses. 
7.1 Materials and methods 
Details regarding the syntheses of the samples presented here were given in the previous 
chapters of this thesis (3.1, 6.2.1). All precursors were prepared by the sol-gel method, followed by 
mullitization at 1200°C and ambient pressure (AP0-AP3) or at 875°C and 10 kbar (HP2). X-ray 
diffraction patterns were acquired on the X’Pert MDP Pro diffractometer using the same configuration 
as described in section 4.3.2. The lattice parameters were calculated by means of LeBail fits using the 
Rietveld software package BRASS (Birkenstock et al., 2012) and starting from a 3:2 mullite model 
(Saalfeld and Guse, 1981). The boron content of the samples was taken from the PGAA analyses 
presented in chapter 6 (Lührs et al., 2013b) and is given in Table 7-1 together with the initial gel 
composition and the refined lattice parameters. 
Table 7-1: Initial gel composition, PGAA composition, and refined lattice parameters. 
 initial gel composition PGAA composition* lattice parameters from LeBail fits 
   a [Å] b [Å] c [Å] 
AP0 Al4.50Si1.45B0.00O9.75  7.5631(3) 7.6909(3) 2.88361(8) 
AP1 Al4.51Si1.42B0.08O9.71 Al4.58(3)Si1.39(3)B0.032(1)O9.69 7.5580(3) 7.6854(2) 2.88049(8) 
AP2 Al4.47Si1.23B0.30O9.61 Al4.62(3)Si1.23(3)B0.147(1)O9.62 7.5511(3) 7.6796(3) 2.87161(9) 
AP3 Al4.50Si1.05B0.45O9.52 Al4.71(3)Si1.06(3)B0.228(3)O9.69 7.5524(3) 7.6784(3) 2.86672(9) 
HP2 Al4.39Si0.93B1.38O9.46 Al4.19(7)Si0.91(6)B0.90(2)O9.45 7.508466(1) 7.651508(1) 2.832082(7) 
* PGAA compositions from chapter 6 (Lührs et al., 2013b, Table 6-2).  
 
7.2 Results and discussion 
The relationship between lattice parameters and boron-content is given in Fig. 7-1 for different 
B-mullites containing up to 13 mol% B2O3. With respect to the whole compositional range up to 
13 mol% B2O3, linear fits for all three lattice parameters appear to be reasonable, with coefficients of 
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correlation (R2) above 98%. However, the variations in lattice parameters a and b at low boron-
contents are rather large and do not strictly follow linearity, especially in the case of a (c.f. Fig. 4-9, 
Fig. 6-2). Excluding the sample with the highest boron content (HP2) from the linear fits in Fig. 7-1 
yields significantly lower coefficients of correlation for lattice parameters a (R² = 0.7678) and b 
(R² = 0.8677) whereas for lattice parameter c there is no significant change (R² = 0.9928). Furthermore 
the relative changes in the lattice parameters (d/d0, Fig. 7-1d) are significantly higher for c (1.8%) 
compared to a (0.7%) and b (0.5%). Considering the strong dependence of lattice parameter a on the 
Al2O3/SiO2 ratio (Fischer et al., 1996) and the very small relative variation in b, it is recommended to 
use the following equation in order to calculate the boron content mB2O3 in mol% of B-mullites from 
lattice parameter c in Å: 
 mB2O3 = (c - 2.881(1)) / - 0.0038(2) (3) 
For several pure B-mullites the B2O3 content was calculated based on this relationship and 
found to be in good agreement with the composition calculated from the correlation between the initial 
B2O3 content and the PGA analyses (Fig. 6-1). Single phase B-mullite with 3.2 mol% B2O3 was 
synthesized at 1200°C (AP3), corresponding to a replacement of ~15 % of the silicon in 3:2 mullite by 
boron. The B-mullite with the highest B-content synthesized at 1200°C contains alumina impurities 
(Fig. 4-9) and yields a lattice parameter c = 2.8393(3) Å. According to (3) it consists of 11.0(9) mol% 
B2O3, theoretically corresponding to a replacement of ~50 % of the silicon by boron. However, in this 
case the replacement of tetrahedral aluminum by boron has also to be considered as, in contrast to the 
single-phase B-mullite, no 11B MAS NMR data exists for B-mullite samples containing alumina 
impurities. 
 
Fig. 7-1: (a)-(c) Lattice parameters and B2O3 content of B-mullite samples synthesized under different temperature and 
pressure conditions. (d) Fractional lattice parameters are given as a function of the B2O3content (a/a0, b/b0, c/c0 with index 0 
referring to the lattice parameter of boron-free mullite). 
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8 Crystal chemistry of mullite and B-mullite at high 
pressure 
In the following section a comparative high pressure study is presented of B-mullite and boron-
free mullite. The intensive study first represents the change of the lattice parameters in response to 
pressure followed by crystal chemical interpretations. This chapter is in preparation for publication in 
a scientific journal in cooperation with the colleagues P. E. Kalita, K.E. Lipinska2, University of 
Nevada Las Vegas, who performed the in-situ high-pressure experiments. 
8.1 Introduction 
A number of investigations on the bulk compressibility of sillimanite (e.g., Brace et al., 1969) 
and 3:2 mullite (e.g., Balzar and Ledbetter, 1993) was reported. The crystal structure of sillimanite at 
high pressure was studied by Burt et al. (2006) and Yang et al. (1997) using high-pressure single 
crystal X-ray diffraction up to 8.5 GPa and 5.29 GPa, respectively. Both authors observed anisotropic 
axial compression of sillimanite in the order b > a > c, as b is the most compressible. The relatively 
small compressibility along the c-axis is usually explained by the rigidity of the polyhedral chains 
along this direction. In contrast to that changes in the inter-polyhedral angles or relative orientations of 
the polyhedra in the ab-plane (out-of-plane tilting, rotation of octahedra) can readily be achieved and 
lead to a higher compressibility perpendicular to the c-axis. The major compression mechanism is 
reported to be the shortening of bond lengths within the AlO6 octahedra, with the longest bond (Al-
O2) being the most compressible one. Thus, explaining the stronger compressibility in b-direction 
compared to the a-direction, as the long Al-O2 bond encloses a small angle of 30° with the b-axis. In 
contrast to the significant compression of the octahedra (7.4 % of volume reduction up to 7.6 GPa), 
almost no compression was observed in the tetrahedra in the investigated pressure range (Burt et al., 
2006). 
The response of sillimanite to pressures up to 46 GPa was investigated by Friedrich et al. (2004) 
using powder synchrotron X-ray diffraction and a diamond anvil cell (DAC). The c-axis was found to 
be the least compressible, and a is slightly more compressible than b. The same trend for the pressure-
dependent lattice parameters a and b was observed by Kalita et al. (2013) who demonstrated the first 
in-situ static-pressure study of 3:2 mullite, 2:1 mullite and sillimanite using powder synchrotron X-ray 
diffraction. According to them the oxygen vacancies play an important role in the compression 
                                                     
2 Not yet published as the copyright on the experimental data is at the University of Nevada, Las 
Vegas, who reserves the right of primary publication of the data in a broader context. 
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Fig. 8-3: Pressure evolution of the relative Lorentzian 
strain (strain = 0 for measurement at lowest pressure) in 
three steps: Step 1 initial increase in strain, step 2 range of 
constant strain (gray), step 3 increase of strain indicating 
incipient amorphization.  
Fig. 8-4: Pressure dependent lattice parameters c for 3:2 
mullite (circles), 7:4 mullite (squares), and B-mullite 
(triangles). At ~6, 8, and 10 GPa, respectively, the slope 
changes, indicated by the red and blue symbols and slopes. 
 
Similar to the pressure evolution of the strain (Fig. 8-3), a three-step compression mechanism of 
lattice parameter c was described for sillimanite, 3:2 mullite, and 2:1 mullite (Kalita et al., 2013). 
Lattice parameter c decreases almost linearly up to 20 GPa with a small reduction of the slope at 
10 GPa (mullite) or 20 GPa (sillimanite), followed by a dramatic decrease above 20 GPa and 30 GPa 
for mullite and sillimanite, respectively. In this work the discontinuity is observed at 10 GPa (3:2 
mullite), ~8 GPa (7:4 mullite), and ~ 6 GPa (B-mullite), corresponding to the onset of step 2 in the 
evolution of the strain parameter (Fig. 8-3). The change in the slope is highest for B-mullite and 
lowest for 3:2 mullite and therefore increasing with the number of oxygen vacancies in the structure. 
It emerges from Fig. 8-5 that in a- and b-direction the mullite structure is distinctly more 
compressible than in c-direction. At low pressures, lattice parameters a and b display nearly identical 
linear pressure evolution, however, at higher pressures a is more compressible than b. The divergent 
behavior of compressibility in a- and b-direction starts at 13 GPa (3:2 mullite), 9 GPa (7:4 mullite), 
and 7 GPa (B-mullite) within step 2 of the strain evolution and at slightly higher pressures than the 
changes in the slope of lattice parameter c. 
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Fig. 8-5: Fractional lattice parameters a/a0, b/b0, c/c0 
for 3:2 mullite (black, bottom), 7:4 mullite (red, 
middle), and B-mullite (blue, top). The index 0 in the 
fractional lattice parameters indicates the lattice 
parameter at the lowest pressure. 
 
This anisotropic compression behavior of mullite-type aluminosilicate structures is commonly 
explained by the firmly bound edge-sharing AlO6 octahedra and corner-sharing double chains of SiO4 
and AlO4 tetrahedra along the c-axis. In contrast to that compression in the a-b plane can be more 
easily achieved by out-of-plane tilting of the tetrahedra or rotation of octahedra as described for 
sillimanite (Yang et al., 1997; Burt et al., 2006) and hypothesized for mullite (Kalita et al., 2013). In 
the closely related sillimanite structure the main compression mechanism below 8 GPa was found to 
be the shortening of octahedral bonds, whereas the tetrahedra behave as rigid units (Yang et al., 1997; 
Burt et al., 2006). Furthermore the compressibilities of the individual Al-O distances in sillimanite 
differ significantly. The slightly stronger compression in b-direction is explained by the highest 
compressibility of the longest Al-O bond that encloses a small angle (30°) with the b-axis (Yang et al., 
1997; Burt et al., 2006). In contrast to that, this work yields the highest compressibility in a-direction 
for all samples (Fig. 8-5) at high pressures (> 10GPa), which is in good agreement with the results of 
Kalita et al. (2013) and Friedrich et al. (2004), who also observed the a-axis of sillimanite to be more 
compressible than the b-axis for pressures up to 40 GPa. However, below 10 GPa in all three studies 
based on powder diffraction data for mullite and sillimanite (Friedrich et al., 2004; Kalita et al., 2013; 
this work) the compressibilities of the a- and b-axis are very close to each other. A very close look at 
the sillimanite data below 10 GPa of Kalita et al. (2013) suggests a slightly higher compressibility in 
b-direction. Thus the difference to the observations based on single-crystal investigations up to 8 GPa 
(Yang et al., 1997; Burt et al., 2006) is negligible. However, no crystal chemical explanation for the 
higher compressibility in a-direction is available so far. 
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In Fig. 8-6 the pressure dependent fractional lattice parameters a/a0, b/b0, and c/c0 are given for 
all three mullite samples. In all cases the pressure evolution of lattice parameters a and b is almost 
identical up to 20 GPa. The compression at 20 GPa of the a-axis is 4 - 4.5 % and the compression of 
the b-axis is between 3.4 and 3.9 %, which is in good agreement with the observations of Kalita et al. 
(2013) for sillimanite, 3:2 mullite, and 2:1 mullite. However, lattice parameter c for the samples of this 
work (7:4 mullite and B-mullite) is significantly more compressible (2.5 %) than lattice parameter c of 
3:2 mullite (1.5 %, Fig. 8-6c). It is therefore also different from 2:1 mullite and sillimanite as these are 
reported to have a similar compressibility as 3:2 mullite up to 20 GPa (Kalita et al., 2013). The 
differences in pressure evolution of the c lattice parameter is also obvious in Fig. 8-4, where the two 
boron-free mullites have similar values at the lowest pressure but the difference is constantly 
increasing with pressure. Similar volume compressibilities are observed for all three samples with a 
slight increase in compressibility with an increasing number of oxygen vacancies in the structure 
(3:2 mullite < 7:4 mullite < B-mullite). 
 
 
Fig. 8-6: Pressure dependent fractional lattice parameters a/a0 (a), b/b0 (b), and c/c0 (c) and fractional change in volume V/V0 
(d) for 3:2 mullite (black), 7:4 mullite (red), and B-mullite (blue). The index 0 in the fractional lattice parameters indicates the 
lattice parameter at the lowest pressure. 
There is no simple explanation for the distinctly different behavior of lattice parameter c for the 
samples of this work compared to 3:2 mullite, 2:1 mullite and sillimanite (Kalita et al., 2013). The 
difference on hand is the synthesis process that involved temperature of 2000°C and 1600°C for 2:1 
mullite and 3:2 mullite, respectively. Although the chemical composition (Al/Si ratio) is a function of 
the annealing temperature in mullite solid solution, the influence on lattice parameter c is rather small 
compa
7:4 mu
compr
differe
proces
2005).
 8.3.2
of the 
low qu
volum
accord
(OPTA
two ad
tetrahe
are not
consid
 
Fig. 8-7
(blue) an
as three 
 
red to the c
llite and B
essibility of 
nces compar
s itself has a
  
Crystal ch
The followin
different mu
ality of the 
es were calc
ing to Baur
) is presente
jacent octah
dral face de
 within the g
ered in Fig. 
: Projection al
d tetrahedral (
(I to III) additi
 
hanges in la
-mullite cau
the c-axis. T
ed to the mu
 big influen
emical cha
g section a
llites. Some
data, no fur
ulated from
 (1974). Fu
d. As illustr
edra in the 
fined by the 
eneral trend
8-8 to Fig. 8
ong c of the m
green) chains. 
onal angles bet
8 
ttice parame
ses some d
he fact that 
llites from K
ce on the ph
nges in mu
ddresses the
 general tre
ther interpre
 the refined
rthermore, t
ated in Fig. 
a-b plane an
O2 and O3 
 observed, t
-11. 
ullite crystal s
The inclination
ween polyhedr
 
| Crystal che
ter a. Possib
isorder in 
both sample
alita et al. 
ysical prope
llite and B
 crystal chem
nds can be 
tations are p
 structures 
he inclinatio
8-7, the incl
d the OPTA
position. Fo
his pressure
tructure showi
 angle ? and t
al planes. 
mistry of mu
ly the relat
c-direction 
s prepared a
(2013) once 
rties of the 
-mullite up
ical interpr
given but du
ossible. Th
as well as th
n angle ?
ination angl
 as the ang
r 7:4 mullite
 point is ther
ng the silliman
he out of-plane
llite and B-m
ively low sy
which in tu
t 1200°C in 
more empha
mullite prod
on pressur
etation of th
e to the sys
e polyhedral
e polyhedra
and the out
e ? is define
le between t
 at 12.4 GPa
efore consid
ite-like linkage
 tilting angle (O
ullite at hig
nthesis tem
rn leads to
this work sh
sizes that th
uct (Komar
e 
e response 
tem-inheren
 distances, a
l indices of
 of-plane ti
d as the ang
he (100) pla
 several refi
ered an outl
 
 of mullite-ty
PTA) are ind
h pressure
89
perature of 
 a higher 
ow similar 
e synthesis 
neni et al., 
to pressure 
t relatively 
ngles, and 
 distortion 
lting angle 
le between 
ne and the 
ned values 
ier and not 
pe octahedral 
icated as well 
8 | Crystal chemistry of mullite and B-mullite at high pressure 
90 
In sillimanite the compressibility of the octahedral bonds is a function of their lengths, with the 
longer bonds being more compressible (Yang et al., 1997). This is not unambiguously the case for the 
data presented here (Fig. 8-8). Whereas for 7:4 mullite and B-mullite the longer Al-O2 bond seems to 
be slightly more compressible than the shorter Al-O1 bond, for 3:2 mullite no difference in 
compressibility is observed up to 10 GPa. The different behavior of mullite compared to sillimanite is 
probably due to the fact that the octahedral distances are closer to each other in 3:2 mullite, with 
1.896 Å and 1.943 Å (Saalfeld and Guse, 1981) than they are in sillimanite where the octahedral 
distances are between 1.863 Å and 1.953 Å (Burt et al., 2006). This also results in lattice parameters 
closer to each other in mullite compared to sillimanite: For 3:2 mullite the lattice parameter 
a = 7.553(1) and b = 7.686(1) (Saalfeld and Guse, 1981) whereas for sillimanite a = 7.48388(17) and 
b = 7.6726(3) (Burt et al., 2006). 
Taking a closer look at the polyhedral volumes Fig. 8-9, a comparable decrease in the volumes 
of octahedra and tetrahedra is observed for 3:2 mullite and 7:4 mullite. In contrast, the tetrahedral 
volume in B-mullite is almost constant over the whole pressure range whereas the octahedral volume 
decreases continuously. This is in good agreement with the almost constant tetrahedral indices of 
distortion between 7 and 14 GPa (Fig. 8-10). Thus, the incorporation of boron into the crystal structure 
of mullite seems to stabilize the tetrahedra.  
 
Fig. 8-8: Fractional change of octahedral distances Al-O1 
(black line) and Al-O2 (red line). 
Fig. 8-9: Pressure-dependent fractional volume of the 
octahedra (gray squares) and tetrahedra (red triangles), 
the same evolution is observed for the mean distances in 
the octahedra and tetrahedra. 
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A similar pressure evolution of the indices of distortion for the polyhedral distances and angles 
is observed for B-mullite and 7:4 mullite (Fig. 8-10). The distortion of the octahedral distances is 
rather constant up to 17 GPa. On the contrary, the distortion of the octahedral angles increases above 
10 GPa and 7 GPa for 7:4 mullite and B-mullite, respectively. These pressures correspond to the 
observed discontinuity for the compression in c-direction (Fig. 8-4). For 3:2 mullite both octahedral 
distortion indices are more or less constant. 
Slightly higher octahedral distortions are observed for the boron-containing mullite compared to 
the 7:4 mullite. This is in good agreement with the fact that in the mullite structure the BO3 groups 
lead to a significant distortion of the octahedra in the first coordination sphere of boron (Lührs et al., 
2013a, 2013b, chapters 5 and 6). The tetrahedral angle distortions show an increasing trend upon 
pressure, whereas the distortion of the tetrahedral distances remains more or less constant up to 
15 GPa. Generally the polyhedra are relatively rigid with respect to their distances whereas the angles 
have a stronger tendency for distortion. This is in good agreement with Yang et al. (1997), who report 
the quadratic elongation for the polyhedra to be rather stable whereas the angle variance increases with 
pressure. The quadratic elongation is a measure for the distortion of the distances in the polyhedra and 
the angle variance measures the angular distortion. 
 
Fig. 8-10: Octahedral (a) and tetrahedral (b) distortion indices according to Baur (1974) for distances (filled symbols) and 
angles (open symbols) for 3:2 mullite (black, circles), 7:4 mullite (red, squares) and B-mullite (blue, triangles).  
For the slowdown of the compression in c-direction (Fig. 8-4) Kalita et al. (2013) suggest that 
the rigid polyhedral chains reach a lower limit of cation-oxygen bond lengths. This is supported by the 
increase in the index of distortion for the octahedral angles (Fig. 8-10) and the fact that the decrease in 
the Al-O2 distance slows down slightly at higher pressures (Fig. 8-8). 
All studies of sillimanite and different mullites at pressures above 10 GPa yield a stronger 
compression of the a-axis compared to the b-axis (Friedrich et al., 2004; Kalita et al., 2013; this 
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work). This is in contrast to the observations on single crystals of sillimanite (Yang et al., 1997; Burt 
et al., 2006), where the b-axis was reported to be more compressible than the a-axis up to 8 GPa. The 
stronger compressibility of the b-axis is usually explained by the more compressible Al-O2 bond that 
encloses an angle of about 30° with the b-axis. It was suggested before (Kalita et al., 2013) that the 
stronger compressibility of the a-axis at higher pressures can be explained by a rotation of the 
octahedra leading to an increasing angle between the b-axis and the Al-O2 bond and therefore reduces 
the compressibility in b-direction. The increasing inclination angle ? (Fig. 8-11 a) indicates a rotation 
of the octahedra and an increase of the angle between the Al-O2 bond and the b-axis. This is in good 
agreement with the increasing difference between the compressibility in a- and b-direction but does 
not sufficiently explain the higher compressibility along the a-axis. The second frequently used inter-
polyhedral angle (OPTA) is the out of-plane tilting angle that describes the change in relative 
orientations of the tetrahedra (Fig. 8-7). Yang et al. (1997) compare and explain the structural changes 
with pressure and temperature of andalusite, kyanite, and sillimanite based on the OPTA and the 
corresponding clockwise or anticlockwise rotations of the different tetrahedra. This works well for 
sillimanite where SiO4 and AlO4 tetrahedra can be distinguished and rotate independently. However, 
for mullite there is only one OPTA that is calculated based on the coordinates of the O2 atomic 
position and therefore directly correlated to the inclination angle ?. A similar increase is observed for 
OPTA and ?, thus, not yielding any additional information (Fig. 8-11 b). 
 
Fig. 8-11 (a): Pressure evolution of the inclination angle ?, calculated as the angle between adjacent octahedra in the a-b 
plane. (b): Out of-plane tilting angle (OPTA), calculated as the angle between the (100) plane and the tetrahedral face 
through O2, O2, and O3. 
As the highest compressibility in a-direction was also observed for sillimanite above 10 GPa, 
the oxygen vacancies cannot play a significant role in this process. The polyhedra are expected to be 
rather rigid and the normally used inter-polyhedral angles ? and OPTA cannot sufficiently explain the 
observed effect. In Fig. 8-7 additional angles between polyhedral planes in the mullite structure are 
indicated as angles I to III and a first hypothesis is given if the respective angles are expected to 
increase (?) or decrease (?) upon compression along the a-axis and b-axis (Table 8-1). The calculation 
and interpretation of these angles could be subject to further investigations based on this data. 
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Table 8-1: Angles between polyhedral planes in the mullite structure according to Fig. 8-7 with a first 
hypothesis if the respective angles are expected to increase (?) or decrease (?) upon compression along 
the a-axis and b-axis. 
angle compression along a compression along b 
I ? ? 
II ? ? 
III ? ? 
 
8.4 Summary, conclusion, and outlook 
The response to pressure of different mullites and B-mullite compared to sillimanite is highly 
interesting and has the potential to lead to a better understanding of the basic physical properties of 
aluminosilicates. Due to the fact that the high-pressure data of B-mullite were provided less than four 
weeks prior to submission of this thesis, some questions had to remain unanswered. 
Oxygen vacancies were previously demonstrated to reduce the mechanical stability of the 
mullite-type structure (Kalita et al., 2013). The incorporation of boron involves the formation of 
additional vacancies and therefore the incipient amorphization is shifted to lower pressures compared 
to boron-free mullite. Furthermore B-mullite yields a slightly increased overall (volume) 
compressibility and increased distortion of the octahedral distances compared to boron-free mullite. 
Generally the response to pressure is similar as observed for the closely related sillimanite and boron-
free mullite with the c-axis being the least compressible. A three-step compression mechanism in the 
c-direction, similar to the findings of Kalita et al. (2013), was observed for all samples. The slowdown 
of compression in c-direction increases the difference in compressibility between the c-direction and 
the a-b-plane and leads to an increasing angular distortion of the octahedra. With an increasing 
number of oxygen vacancies in the structure, the change in the slope of the linear compression 
increases and the discontinuity is shifted to lower pressures. Despite the higher number of oxygen 
vacancies and reduced stability of the structure, the tetrahedra seem to be stabilized/non-responsive 
upon boron incorporation, as the tetrahedral volume and the tetrahedral distortion indices remain 
constant over a wide pressure range. To date the stronger compressibility in b-direction than in a-
direction for sillimanite below 10 GPa was explained by the small angle (30°) between the most 
compressible octahedral bond and the b-axis (Burt et al., 2006). However, for sillimanite above 
10 GPa and different mullites the compressibility in a-direction is higher than in b-direction (Friedrich 
et al., 2004; Kalita et al., 2013; this work). In contrast to sillimanite (Yang et al., 1997) no strong 
dependence of the compressibility of the octahedral bonds on their length was observed, which can be 
partially explained by the smaller difference between the two octahedral bonds compared to 
sillimanite. The increasing inclination angle ? can explain the increasing divergence between the 
compressibility in a- and b-direction but does not justify the stronger compressibility in a- than in b-
direction. Here, a detailed analysis of the angles between the polyhedral planes might yield valuable 
information. A first hypothesis about the expected relative changes in the angles upon compression in 
8 | Crystal chemistry of mullite and B-mullite at high pressure 
94 
a- and b-direction was given and can be used as a basis for future investigations. In combination with 
the data presented in chapter 4, a comparative study between the response to pressure and temperature 
of mullite and B-mullite would yield interesting crystal chemical information. 
One significant difference compared to earlier high-pressure studies (Kalita et al., 2013) on 
mullites and sillimanite is the distinctly higher compressibility in c-direction of 7:4 mullite and B-
mullite compared to 3:2 mullite, 2:1 mullite, and sillimanite. Due to the relatively low synthesis 
temperature (1200°C) of 7:4 mullite and B-mullite these phases may be distorted along to the 
crystallographic c-axis which may increase their compressibilities. 
It would be highly interesting to directly compare the pressure response of the different mullites 
to the crystal chemical changes in sillimanite at higher pressure. Sillimanite powder diffraction data up 
to 38 GPa from Kalita et al. (2013) was provided. However, no stable refinement of the three 
octahedral oxygen positions was possible due to the system-inherent low quality of the high-pressure 
data. Additionally the number of refineable parameters is significantly higher in sillimanite (13 atomic 
coordinates) compared to mullite with only 6 atomic coordinates (without tricluster positions T* and 
O4). In-situ high pressure diffraction experiments on mullite single crystals would also yield more 
reliable crystal chemical data for the response to pressure. 
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9 Conclusion and future perspectives 
The major findings in this thesis regarding the crystal structure and properties of B-mullites, 
synthesized at different pressure and temperature conditions, are summarized with respect to the three 
previously defined objectives (chapter 2.1). Concluding this thesis a short outlook on experiments in 
progress and future perspectives is given. 
9.1 Objectives of this thesis 
Objective 1: Syntheses and properties of B-mullites [chapters 4 and 8] 
In contrast to other authors working on boron-doped mullites (Griesser et al., 2008; Zhang et 
al., 2010; Fisch, 2011), the hypothesis for this study was a 1:1 isomorphous substitution of silicon by 
boron starting from a 3:2 mullite composition (Al4.5Si1.5O9.75). The formation conditions and basic 
properties of sol-gel derived B-mullites were studied. With increasing boron-content the formation 
temperature for B-mullites significantly decreases and a significant decrement in lattice parameters b 
and c is observed. On the contrary lattice parameter a seems to be virtually unaffected by the 
incorporation of boron. This anisotropic behavior of lattice parameters was also reported by other 
authors (Griesser et al., 2008; Zhang et al., 2010) and is explained based on crystal chemical 
considerations in this work (c.f. objective 2). All samples of this work synthesized at 1200°C and 
1300°C yield B-mullite in space group Pbam accompanied by alumina impurities at higher boron-
contents. A mullite-type aluminum borate phase is only observed for samples with more than 15 mol% 
B2O3 in the precursor.  
Fundamentally new details on the thermo-elastic properties of B-mullites are presented in this 
thesis. On the one hand long-term stability of B-mullite at 800°C is demonstrated whereas on the other 
hand long-term annealing at 1400°C results in complete decomposition of B-mullite to boron-free 
mullite and corundum. An important finding is the reduction of the mean thermal expansion 
coefficient by maximally 15%, from 5.9(1) × 10-6°C-1 for boron-free mullite to 5.0(1) for B-mullite. 
The significantly reduced thermal expansion makes B-mullites technologically interesting for 
applications at moderate temperatures below 1000°C.  
For the first time a comparative study of the response to pressure of B-mullite and mullites with 
different Si/Al ratios is presented including first crystal chemical interpretations. The incorporation of 
boron reduces the mechanical stability of mullite due to the higher number of oxygen vacancies and 
complete amorphization of the investigated B-mullite is observed at 23 GPa, in comparison to 
7:4 mullite at 25 GPa. Due to the rigidity of the polyhedral chains parallel to the c-axis, this direction 
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is the least compressible one. In contrast to earlier investigations on sillimanite up to 8 GPa (Yang et 
al., 1997; Burt et al., 2006), the compressibility in a-direction is higher than in b-direction for 
sillimanite above 10 GPa and for different mullites (Friedrich et al., 2004; Kalita et al., 2013; this 
work). The increasing inclination angle ? can explain the increasing divergence between the 
compressibility in a- and b-direction with pressure but does not justify the stronger compressibility in 
a- than in b-direction. Here, a detailed analysis of the angles between the polyhedral planes might 
yield valuable information. A first hypothesis on the expected relative changes in the angles upon 
compression in a- and b-direction is given and represents a good basis for future investigations.  
Objective 2: Crystal structure of B-mullite, substitution mechanism, chemical composition, 
incorporation limit [chapters 5 to 7] 
One major outcome of this thesis is the crystal structure of B-mullite in space group Pbam. 
During the 1200°C synthesis at ambient pressure 13 % of the tetrahedral silicon was replaced by 
boron, yielding a refined composition of Al4.64Si1.16B0.2O9.58 which is in good agreement with the PGA 
analysis. In the mullite crystal structure boron replaces silicon according to the coupled substitution as 
2 Si4+ + O2- ? 2 B3+ + ?. Boron resides in planar BO3 groups crosslinking the mullite-type AlO4 
octahedral chains perpendicular to the c-axis. The rigidity of the BO3 group imposes local distortion of 
the AlO6 octahedra and consequently leads to split positions of the oxygen atoms in the first 
coordination sphere of boron. The split positions lead to significantly shortened O-O distances in 
c-direction compared to the a- and b-direction. Therefore, the crystallographic model provides an 
explanation for the strong reduction of lattice parameter c upon boron incorporation compared to the 
relatively small changes in lattice parameters a and b. 
The lattice parameter c is an indicative parameter representing the amount of boron in the B-
mullite structure. PGA analyses and Rietveld refinements of B-mullites yield a linear relationship 
between lattice parameter c and the boron-content. In pure B-mullite up to about 15 % of the silicon 
can be replaced by boron during sol-gels synthesis at ambient pressure and 1200°C, corresponding to 
3.2 mol % B2O3. B-mullites with as much as 11 mol % B2O3 were also observed, but contain alumina 
impurities. Using high-pressure and high-temperature syntheses, pure B-mullite with significantly 
higher boron-contents can be produced (c.f. objective 3). 
Objective 3: Synthesis and crystal structure of Al8Si2B2O19 [chapter 6] 
Another important result of this thesis is the crystal structure of a phase close to the composition 
Al8Si2B2O19 in space group Pbam. Whether this phase is orthorhombic like mullite or monoclinic like 
boralsilite and Al4B2O9 has been a matter of debate (Fischer and Schneider, 2008) since its first 
description (Werding and Schreyer, 1992). Careful Rietveld refinements and application of the 
established silicon-boron substitution mechanism yielded a refined composition of Al4.5Si0.9B0.6O9.4, 
corresponding to a replacement of 40% of the SiO4 tetrahedra replaced by BO3 units. In good 
agreement with the PGA analysis (13 mol % B2O3), the 11B MAS NMR indicates the additional 
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replacement of some aluminum in the AlO4 tetrahedra by boron but BO3 being dominant. Hence this is 
the first time a B-mullite crystal structure in space group Pbam is described containing BO3 and BO4 
groups. The presence of BO4 in B-mullite synthesized at elevated pressure is in good agreement with 
the pressure/coordination rule suggesting that minerals with BO3 groups are stable preferably at 
relatively low pressures, while those with BO4 tetrahedra are stable at higher pressures (Werding and 
Schreyer, 1996). 
9.2 Additional investigations related to this thesis 
Parts of the experimental results within this thesis originate from collaboration with different 
partners. In three cases the partners have performed additional experiments on topics related to this 
thesis and partially based on samples of this work and/or additional samples provided. 
As a consequence of the difficulties arising from the PGA analyses of B-mullites with boron as 
a major element, a special technique was developed in order to increase the dynamic range for the 
analysis of boron in PGAA (Söllradl et al., 2013, abstract in Appendix B). In detail this method 
involves the attenuation of the signal using a 10 mm lead foil and was established at the PGAA 
spectrometer at the FRM II (Garching, Germany). As a co-product of the PGAA study the commercial 
A9B2 compounds Alborex and Alborite (Shikoku Chemical Co., Marugame, Japan) were analyzed to 
yield a composition of Al18.0(4)B4.0(1)O33. This is in contrast to recent crystal chemical investigations on 
A9B2 compounds with multiple methods (Fisch et al., 2011) that yielded a stoichiometry very close to 
Al5BO9, assuming that the Al18B4O33 composition might be the result of inaccurate chemical analyses.  
First results on the high-pressure behavior of B-mullite compared to boron-free mullite are 
presented in this thesis, with a focus on the crystal chemical changes upon pressure (chapter 8). A 
more detailed study in collaboration with P.E. Kalita and K. Lipinska (UNLV), who performed the 
high-pressure Synchrotron X-ray diffraction experiments, is in preparation. This study will include 
details on the compressibility, bulk modulus, equation of state, and will also include the crystal 
chemical considerations. Furthermore a detailed comparison of the response to temperature and 
pressure of mullite and B-mullite based on the data of chapters 4 and 8 would yield valuable crystal 
chemical information. Especially in comparison with crystal chemical considerations on sillimanite at 
high-pressure and high-temperature this would lead to a better understanding of the physical properties 
of alumino-silicates with mullite-type structure. 
11B MAS NMR experiments yielded valuable information on the local arrangement of boron in 
different B-mullites studied in this work (chapters 5 and 6). However, using one-dimensional MAS 
NMR, no significant variation was observed between samples with different boron-content and the 
29Si and 27Al MAS NMR experiments yielded results similar to those for boron-free mullites. 
Additional MAS NMR experiments have been carried out by S.P. King and J.V. Hanna (University of 
Warwick) and will be published as a part of S.P. King’s PhD thesis (presumably in 2014). The 
analyses aim at the distribution of tricluster positions and oxygen vacancies as well as the connectivity 
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and ordering of SiO4 and AlO4 tetrahedra. For this purpose a 2:1 single crystal was provided and 
special 29Si isotopically enriched 3:2 mullite and B-mullite samples were prepared. The normal one 
pulse 29Si MAS NMR spectra of the 29Si enriched samples exhibit significantly better quantitation of 
sites present and yield at least two additional 29Si resonances compared to the un-enriched samples and 
older NMR data of mullites. For the first time 29Si refocused INADEQUATE measurements were 
performed on mullite, yielding information on the SiO4 - SiO4 connections. Furthermore advances in 
the analytical technique enable different two dimensional experiments. In the 27Al 3QMAS spectrum 
the 2nd order quadrupolar broadened line is viewed in a second dimension free of second order 
broadening. Separation of overlapping resonances distinctly resolves interactions between the different 
aluminum environments. The preliminary results yield additional information on the local aluminum 
arrangement and distribution of tricluster positions. 27Al - 29Si correlations experiments (J-HQMC) 
were also performed and yield promising results with respect to the silicon-aluminum ordering. Direct 
investigations of the distribution of oxygen vacancies require analyses of 17O enriched samples and 
would be highly interesting. However, the special requirements regarding the syntheses conditions 
(high temperature, inert atmosphere) are quite challenging. 
9.3 Future perspectives 
This work was focused on the 1:1 isomorphous substitution of silicon by boron starting from a 
3:2 mullite composition. Additional investigations are necessary for a better description of the 
dimensions of the B-mullite stability field. This should include experiments regarding the incorpora-
tion of higher amounts of boron into the sillimanite structure using high-pressure syntheses. 
Experiments on the incorporation of boron into 2:1 mullite, complementary to the work of Griesser et 
al. (2008), might also yield valuable information. Difficulties are expected due to the relatively low 
syntheses temperatures yielding poorly crystallized samples and high amounts of impurities. As part of 
the boron disappears during the syntheses, additional experiments with excess boron and/or using 
noble metal tubes could lead to higher B-contents in the structure. The chemical composition of 
samples yielding impurities can be estimated from the established relationship between lattice 
parameter c and the B2O3 content (chapter 7). Exact chemical analyses of single phase B-mullite 
samples are now routinely possible using PGAA. With respect to the application potential of B-
mullites ceramics, more information regarding the sinter behavior, mechanical properties, thermal 
properties, as well as optical and electrical properties of B-mullite ceramics is necessary, although 
some information on the sintering behavior, microstructure, optical-, and dielectric properties of 
boron-doped mullite ceramics is already available (Zhang et al., 2010). 
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Appendix A contains a published manuscript with results from my master thesis that was 
compiled during my PhD studentship. Appendix B contains the abstract of a manuscript in press that is 
the outcome of further research activities related to this project. In Appendix C a list of all samples 
referred to in this thesis is given. An excel file containing this list can be found on the supplementary 
CD (supplementary_sample list.xlsx) together with the raw data of all measurements and *.cif files of 
the crystal structure presented in this thesis. The raw data of the in-situ high-pressure X-ray diffraction 
experiments are not on the CD as the copyright for this data is with the University of Nevada Las 
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Appendix A 
K and Ca exchange behavior of zeolite A 
Hanna Lührs,*, Jewgenij Derr, Reinhard X. Fischer 
Fachbereich Geowissenschaften, Universität Bremen, Klagenfurter Straße 2, D-28359 Bremen, Germany 
 
Published in: Microporous and Mesoporous Materials 151 (2012) 457-465 
DOI: doi:10.1016/j.micromeso.2011.09.025 
Submitted: 9 Jan. 2011 | revised: 20 Sept. 2011 | accepted: 26 Sept. 2011 | online: 1 Oct. 2011 
Keywords: Zeolite A | LTA | Ion exchange | Lattice parameter | water content 
 
Powdered samples of Zeolite-A ([Na11.8Al11.8Si12.2O48 • 26 H2O]8, LTA, Na-A) were completely 
Ca and K exchanged. Several compositions between the end members Na-, Ca-, and K-zeolite A were 
produced. Combined results from X-ray powder diffraction including lattice parameter refinements in 
space group F m?3 c, energy dispersive X-ray spectroscopy, and thermal gravimetric analyses are 
presented. Rietveld refinements are performed for the three Na-rich samples in the Ca exchange series. 
The linear dependence of the lattice parameter a on the calcium and potassium contents is described as 
well as the relationship between water, calcium and potassium content. The lattice parameter a 
decreases with increasing calcium and potassium content, ranging from 24.62 to 24.46 Å for the Ca-
exchanged forms and from 24.63 to 24.58 Å for the K-exchanged forms. Higher calcium content 
results in a higher amount of water incorporated in the zeolite, ranging from 25 (Na-A) to 28 (Ca-A) 
molecules per formula unit (m.p.f.u.) whereas the water content in the K-exchanged forms varies 
about 23.5±1.0 m.p.f.u. not directly correlated with the K contents but significantly lower than the 26 
m.p.f.u. of the Na-A starting material. The Ca and K contents can be estimated from lattice parameter 
a by linear regression. 
 
* Corresponding author: E-mail address: hanna.luehrs@uni-bremen.de (H. Lührs) 
Telephone: +49-421-218 65181, Telefax: +49-421-281-6518 
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Appendix B 
Increasing the dynamic range for the 
analysis of boron in PGAA 
Stefan Söllradl*1,2,3, Hanna Lührs4, Zsolt Révay3, Petra Kudejova3, 
Lea Canella3, Andreas Türler1,2 
1 Paul Scherrer Institute, Laboratory for Radiochemistry and Environmental Chemistry, 5232 Villigen-PSI, Switzerland 
2 University of Berne, Department of Chemistry & Biochemistry, Freiestrasse 3, 3012 Bern, Switzerland 
3 Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universität München, Lichtenbergstr. 1, 85748 Garching, Germany 
4 Universität Bremen, Fachbereich Geowissenschaften, Klagenfurter Str., 28357 Bremen, Germany 
 
In press: Journal of Radioanalytical and Nuclear Chemistry (Aug. 2013) 
DOI: 10.1007/s10967-013-2739-9 
 
 
Prompt gamma activation analysis (PGAA) is especially sensitive for elements with high 
neutron-capture cross sections, like boron, which can be detected down to a level of ng/g. However, if 
it is a major component, the high count rate from its signal will distort the spectra, making the 
evaluation difficult. A lead attenuator was introduced in front of the HPGe-detector to reduce low-
energy gamma radiation and specifically the boron gamma rays reaching the detector, whose thickness 
was found to be optimal at 10 mm. Detection efficiencies with and without the lead attenuator were 
compared and it was shown that the dynamic range of the PGAA technique was significantly 
increased. The method was verified with the analyses of stoichiometric compounds: TiB2, NiB, PVC, 
Alborex, and Alborite. 
 
* Corresponding author: E-mail address: Stefan.Soellradl@frm2.tum.de 
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Appendix C  
List of all samples referred to in this thesis. For each sample the sample ID and the respective name in the 
manuscripts/chapters is given as well as the initial gel composition, synthesis conditions and analytical methods. An excel 
file containing this list can be found on the supplementary CD (supplementary_sample list.xlsx) as well as the raw data of all 
measurements. 
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ABS3_B0000_21 x 56.56 43.44 0.00 5 1200 x
ABS3_B0000_21_p1 x 56.56 43.44 0.00 0 0 x
ABS3_B0000_21_p2 x 56.56 43.44 0.00 90 1400 x
ABS3_B0000_21b x 56.56 43.44 0.00 0 1300 x
ABS3_B0000_21c x 56.56 43.44 0.00 5 1400 x
ABS3_B0000_22c x 56.35 43.65 0.00 5 1400 x x x
ABS3_B0000_25 x NMR-I AP0 x 60.01 39.99 0.00 5 1200 x x x x
ABS3_B0000_28 I AP4 60.00 40.00 0.00 5 1200 x
ABS3_B0075_3 x 60.45 38.51 1.04 5 1200 x
ABS3_B0075_3_p1 x 60.45 38.51 1.04 5 1200 x
ABS3_B0075_3_p2 x 60.45 38.51 1.04 90 1400 x
ABS3_B0075_3b x 60.45 38.51 1.04 5 1300 x
ABS3_B0075_3c x 60.45 38.51 1.04 5 1400 x x
ABS3_B0075_4 x NMR-II AP1 AP1 60.76 38.23 1.01 5 1200 x x x x x x x x
ABS3_B0075_4b_HTK x 60.76 38.23 1.01 5 1200 x
ABS3_B0075_5 x 60.65 38.34 1.01 5 1200 x x
ABS3_B0075_9 II AP5 60.58 38.41 1.01 5 1200 x
ABS3_B0150_3 x 61.37 36.59 2.05 5 1200 x x
ABS3_B0225_3 x 61.66 35.26 3.08 5 1200 x
ABS3_B0225_3_p1 x 0.00 0.00 0.00 5 1400 x
ABS3_B0225_3_p2 x 0.00 0.00 0.00 90 1400 x
ABS3_B0225_3b x 61.66 35.26 3.08 5 1300 x
ABS3_B0225_3c x 61.66 35.26 3.08 5 1400 x x
ABS3_B0252_5 III AP6 62.16 34.73 3.11 5 1200 x
ABS3_B0300_3 x 62.61 33.21 4.19 5 1200 x x
ABS3_B0300_5 x NMR-III AP2 AP2 61.89 33.99 4.12 5 1200 x x x x x x x x
ABS3_B0375_2 x 62.98 31.79 5.23 5 1200 x
ABS3_B0375_2_p1 x 62.98 31.79 5.23 5 1400 x
ABS3_B0375_2_p2 x 62.98 31.79 5.23 90 1400 x
ABS3_B0375_2b x 62.98 31.79 5.23 5 1300 x
ABS3_B0375_2c x 62.98 31.79 5.23 5 1400 x x
ABS3_B0375_3d x 63.16 31.58 5.26 5 HTK x
ABS3_B0375_4 IV AP7 63.26 31.47 5.27 5 1200 x
ABS3_B0450_5 x NMR-IV AP3 AP3 63.86 29.76 6.38 5 1200 x x x x x x x x
ABS3_B0450_5b_HTK x 63.86 29.76 6.38 5 1200 x
ABS3_B0450_6 x 62.70 31.03 6.27 5 1200 x x x
ABS3_B0450_7 V AP8 63.91 29.70 6.39 5 1200 x x
ABS3_B0525_2 x 64.25 28.23 7.52 5 1200 x
ABS3_B0525_2_p1 x 64.25 28.23 7.52 5 1400 x
ABS3_B0525_2_p2 x 64.25 28.23 7.52 90 1400 x
ABS3_B0525_2b x 64.25 28.23 7.52 5 1300 x
ABS3_B0525_2c x 64.25 28.23 7.52 5 1400 x x
ABS3_B0525_3 VI AP9 65.02 27.39 7.59 5 1200 x
ABS3_B0675_2 x 65.70 24.45 9.86 5 1200 x
ABS3_B0675_2_p1 x 65.70 24.45 9.86 5 1400 x
ABS3_B0675_2_p2 x 65.70 24.45 9.86 90 1400 x
ABS3_B0675_2b x 65.70 24.45 9.86 5 1300 x
ABS3_B0675_2c x 65.70 24.45 9.86 5 1400 x x
ABS3_B0825_2 x 67.21 20.46 12.33 5 1200 x
ABS3_B0825_2_p1 x 67.21 20.46 12.33 5 1400 x
ABS3_B0825_2_p2 x 67.21 20.46 12.33 90 1400 x
ABS3_B0825_2b x 67.21 20.46 12.33 5 1300 x
ABS3_B0825_2c x 67.21 20.46 12.33 5 1400 x x
ABS3_B0825_3 x 67.09 20.61 12.30 5 1400 x x
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Appendix C - continued 
sample ID               
raw data file 1,
 c
ha
pt
er
 4
2,
 c
ha
pt
er
 5
3,
 c
ha
pt
er
 6
ch
ap
te
r 7
ch
ap
te
r 8
Al2O3 
[mol%]
SiO2 
[mol%]
B2O3 
[mol%] h °C kb
ar
X'
P
er
t (
*.
xr
dm
l)
PW
 1
80
0 
(*.
xr
dm
l)
HT
-X
RD
 (*
.x
rd
m
l)
D8
 c
ap
ill
ar
y 
(*.
ra
w
)
SP
O
DI
 (*
.x
ye
)
HP
-X
R
D 
(*
.c
hi
)
ST
A 
pr
ec
ur
so
r
ST
A 
pr
od
uc
t
XR
F
FT
IR
PG
AA
11
B 
N
M
R
ABS3_B0900_4 x 68.14 18.24 13.62 5 1200 x x
ABS3_B0900_6 x 68.09 18.30 13.61 5 1000 x
ABS3_B0975_2 x 69.11 15.94 14.94 5 1200 x
ABS3_B0975_2_p1 x 69.11 15.94 14.94 5 1400 x
ABS3_B0975_2_p2 x 69.11 15.94 14.94 90 1400 x
ABS3_B0975_2b x 69.11 15.94 14.94 5 1300 x
ABS3_B0975_2c x 69.11 15.94 14.94 5 1400 x x
ABS3_B0975_3 x 69.15 15.88 14.97 5 1200 x x
ABS3_B1125_2 x 70.35 12.08 17.57 5 1200 x
ABS3_B1125_2_p1 x 70.35 12.08 17.57 5 1400 x
ABS3_B1125_2_p2 x 70.35 12.08 17.57 90 1400 x
ABS3_B1125_2b x 70.35 12.08 17.57 5 1300 x
ABS3_B1125_2c x 70.35 12.08 17.57 5 1400 x x
ABS3_B1125_3 x 70.37 12.05 17.59 5 1200 x x
ABS3_B1275_3 x 72.04 7.54 20.42 5 1200 x
ABS3_B1275_3_p1 x 72.04 7.54 20.42 5 1400 x
ABS3_B1275_3_p2 x 72.04 7.54 20.42 90 1400 x
ABS3_B1275_3b x 0.00 0.00 0.00 5 1300 x
ABS3_B1425_2 x 73.87 2.75 23.37 5 1200 x
ABS3_B1425_2_p1 x 73.87 2.75 23.37 5 1400 x
ABS3_B1425_2_p2 x 73.87 2.75 23.37 90 1400 x
ABS3_B1425_2b x 73.87 2.75 23.37 5 1300 x
ABS3_B1425_2c x 73.87 2.75 23.37 5 1400 x x
ABS3_B1500_3 x 75.00 0.00 25.00 5 1200 x
ABS3_B1500_3_p1 x 75.00 0.00 25.00 5 1400 x
ABS3_B1500_3_p2 x 75.00 0.00 25.00 90 1400 x
ABS3_B1500_3b x 75.00 0.00 25.00 5 1300 x
Al18B4O33_1 x 81.79 0.00 18.21 5 1200 x x x
HP1 HP1 53.29 26.72 19.99 168 800 7 x
HP2 HP2 HP2 53.29 26.72 19.99 260 875 10 x x x
ABSG_B00_2 x 60.08 39.92 0.00 5 1200 x
ABSG_B05_2 x 60.05 33.28 6.67 5 1200 x
ABSG_B10_2 x 60.02 26.64 13.34 5 1200 x
ABSG_B15_2 x 60.07 19.90 20.03 5 1200 x
ABSG_B20_2 x 60.03 13.28 26.68 5 1200 x
ABSG_B25_2 x 60.04 6.60 33.35 5 1200 x
ABSG_B30_2 x 60.00 0.00 40.00 5 1200 x
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Supplementary CD 
Supplementary CD containing: 
 
- Digital version of the thesis 
- A list of all samples referred to in this thesis: supplementary_sample list.xlsx (Appendix C) 
- *.cif files of the two B-mullite crystal structures presented in this thesis 
o B-mullite_Al4.64 B0.2 Si1.16 O9.58.cif (chapter 5, CSD number: 426638) 
o B-mullite_Al4.5 B0.6 Si0.9 O9.4.cif (chapter 6) 
- Diffraction data 
o D8_capillary (5 files *.raw) 
o HT-PXRD (High-temperature XRD of 5 samples, total: 201 files *.xrdml) 
o PW1800 (33 files *.xrdml) 
o SPODI (6 files *.xye, wavelength.txt) 
o X’Pert (57 files *.xrdml) 
- FTIR (4 files *.csv) 
- NMR (3 ASCII files) 
- PGAA (4 *.pdf files) 
- STA (2 *.xls files, 1 *.txt file) 
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